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CHAPTER I 
INTRODUCTION 


Although much has been written concerning shaped charges, 
adequate coordination of this material has not been effected and as a 
result, many different sources must be scrutinized to determine what 
has been accomplished in the field, 

It is the purpose of this work therefore to effect such coord- 
ination and to bring under one cover a comprehensive survey of the 


literature including the most recent developments. 
THE SHAPED CHARGE DEFINED 


"Shaped charge” is the name commonly applied to any explosive 
charge which is hollowed out on the side facing the object to be at= 
tacked. The penetration produced on detonating such a charge is much 
greater than if a solid charge of the same outside dimensions were used. 

The essential difference between the effect obtained with a shaped 
charge and solid charges is that whereas the solid charge exerts a cen- 
eral shattering effect, the hollow charge exerts a directional, piercing 
effect and punches a hole in the hardest of steel or the most resistant 
of concrete. If the shaped portion of the charge is lined with a thin 
metal, an enormous increase in penetrating power is obtained; and if, 
in addition, the charge is held away from the target a fixed distance 
called the standoff distance, the penetrating power is increased still 


further, 
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e cavity } been given a variety of reometrical shapes, Cefre, 
cones, hemispheres, paraboisids, pear shapes, trumpet shapes, and linear 
v-shaped wedges, and the essociated phenomenon is variously called the 
WVunroe effect, the Neumann effect, the cavity effect, the hollow charge 
effect, the directed blasting effect, and of course the shaped charge 
effect, The use of the term "shaped charge” was originally adopted by 
the military during World “wr II in an effort to camouflage the true 


identity of the charge, for to the wninformed, a shaped charge might have 


ee 


od 





Pig. 1. Tffect of different cmrges is show by four steel 
blocks which were actually fired upon in experimenta, The charges 
above the blocks are wooden replicas. (50) 


any configurations 

Tt should be pointed out that the true Munroe effect is that which 
is obtained by the use of an unlined, hollow charge, whereas whenever the 
term shaped charge is used, a lined, hollow charge is generally implied. 
Certain authorities in this field foel that the shaped charge effect 


should be called the metallic jet effect. 
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Fig. 1 shows four rectangular steel blocks, each of which has 
been struck by a different type of explosive charge. The right-hand 
block has scarcely been dented by a conventional solid charge. The 
next block has a small hole in it caused by an unlined, conical shaped 
charge. The third block from the right shows the effect of a metal- 
lined shaped charge, the charge having been held against the steel block. 
The fourth block shows the deepest penetration caused by the same lined 
charge which has now been held away from the steel block a fixed dis- 
tance, which as was previously mentioned, is called the standoff dis- 
tance, or simply standoff. 

A striking illustration of the directional effect of the hollow 
charge is shown by Fig. 2 in which a shaped charge was fired vertically 
upward in a night demonstration at Aberdeen Proving Crounds. 

Fig. 5 shows the essential features of two types of shaped 
charges with hemispherical and conical lined cavities. Hollow conical 
liners for penetration and hollow V-shaped linors for cutting have been 
encountered most frequently and have been most thoroughly investigated. 
It is desired to point out that the mechanism of jet formation shown in 
Fig. 3 is the old "spall theory” which has been found to be erroneous, 
and has since been superseded by more modern theories, The theory of 


jet formation is taken up in detail in Chapter II. 
EARLY HISTORY 


Mining engineers have long known that some of the foree of an 
explosive charge can be concentrated on a small area by cutting out a 


Little "chunk" of dynamite before placing the stick against the object 
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Fig. 2. Night photograph of a shaped charge fired verti- 
cally upward during a demonstration at Aberdeen Proving Grounds. 
Height of jet is approximately 250 feet. (19) 
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to be doutroeyed, he earliest imovn reference to this was mace in 1792, 
one of the carliest recorded work which gave evidence of this 
phenomenon was done in 1665 by ‘ex von Yorster, ongineer ani superin= 
tendent of tm eunecotton factory of ‘mx ‘olff and Comnany of Yel srode, 
Germany, In ‘ugust 166, ‘ieutenant John P, Visser, U. 5. wmy, trans- 


lated for Ven Yostrand’s nrineering Verezine (54) an carlier article 
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ig. 3, Sketches of shaped charges with (a) hemi- 
spherical and (b) conical metal-lined cavities showing 
moechanian of formation of “unree effect. (25) 





CAVITY 


JET OF METAL 
FRAGMENTS 


by von Worster describing exocriments conducted to determine in what man- 
ner corpressed gur--cotton should be applied to obtein the rreatest ond 
most useful effects. Von Forster attacked lead cylinders with cylindricel 
charges of gun-cotton, both solid and having cylindrical hollows as shorm 


in Fi¢. 4. 
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Fig. 4. Fxperimental set-up used by Max von Forster. (54) 


He made the important discovery that the effect on the object 
attacked was greater in the case of hollow charges than in solid ones 
of the same outside dimensions, even though the solid ones contained 
more explosive. He realized that if he could give the gases of the 
detonated gun-cotton a fixed direction toward the object under attack, 
the destructive effect would be increased. 

Yon Forster stated that his experiments furnished two means of 
attaining this end. First, the primer must always be placed on the side 
opposite the charge, as the detonation of the primer gives the detonation 
gases a direction away from itself ami toward the side opposite. A 
second method of giving the detonation gases a fixed direction consisted 
in furnishing the cartridge with a hollow opening, on the side opposite 
the primer and adjacent to the object to be destroyed. 

He found that in explosions against wrought iron, a strong im- 
pression of the cross-section of the hollow opening of the cartridge ap- 


peared which was twice the depth of the impression produced by a solid 
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cartridge. 

Von Forster also made what he believed to be an entirely origin- 
al observation that if a piece of compressed cun-cotton is placed on a 
piece of iron, an accurate impression of the form of the under surface 
of the gun-cotton is produced by the detonation. Every angle, every 
projection and every indentation present in the gun-cotton is impressed 
on the underlying iron. Von Forster held that the gases produced have 
copied the form of the gun-cotton end transferred or transmitted it to 
the iron, and "that the gases acting on the iron have occupied exactly 
the same space, and no more, than the solid explosive previously occupied." 
Hence he concluded that "only the gases evolved by the very undermost 
layer of gun-cotton act on the iron, while the others are lost.* 

In February of 1885, Dr. charles ©. Munroe, generally conceded to 
be the most prominent pioneer in this field, relates in his "Notes on 
the Literature of Explosives" (36) of how he had encountered Lt. Wisser's 
translation of von Forster'a article. Munroe states that the author's 
explanation for the cause of the impressions made by the compressed 
gun-cotton was “as novei as the observation." 

Munroe claims that, before meeting with von Forster’s article, 
he had seen similar impressions produced in iron by the detonation of 
disks of gun-cotton upon iron (35), but that he considered them due to 
projection; the residual gun-cotton being driven into the metal by the 
explosion of the original mass. He went on to say (39); 

"Of course, we are met here by the difficulties that 
this hypothesis implies; (1) Theat the pressure exerted upon 
the residual mass of gcun-cotton is transmitted more rapidly 
than the explosive reaction is propagated within the mass, 
and (2) it implies also a great rigidity or coherence for 


this mass. The last condition requires that which is a 
property of masses of matter when moving at high velocities 
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as in the well known candle experiment, and in the cutting 
of steel by soft iron and the like. The difficulties pre- 
sented in the first condition do not seem so great as those 
in Lieutenant von Forster's hyvothesis. 


“Some months subsequent to this, (1886) Commander 
T. Fe. Jewell, U. 3S. Navy, read a paper before the American 
Association for the Advancement of Science on the ‘Apparent 
resistance of a body of air to a change of form under sudden 
compression,’ and presented as an example of the action of 
this phenomenon, an iron plate upon which a disk of gun-cotton 
had been detonated. The letters U. S. N. and the figures 1884 
head been indented in the surface of the gun-cotton, and sime- 
ilar letters and figures were found indented in the iron plate. 
He held that this indentation was due to the fact that the air 
enclosed in the letters and figures in the disk acted, under 
the sudden and enormous pressure to which it was subjected, 
like a hard body and was thus driven into the iron. 


"In a later pamphlet (Berlin, 1886) von Forster again 
states that the gases generated by th detonation of the gun- 
cotton heave, in the first instant, end as long as they exert 
their maximum force, the exact rorm and oceupy the same space 
as was occupied by the gun-cotton before detonation and thus 
they produce an exact impression on the plate of the surface 
of the gun-cotton in contact with it, and he also says that 
the suddenness with which the power is exerted is shown by 
placing a leaf between the gun-cotton disk and the iron, for 
after detonation the whole frame or skeleton of the leaf will 
be found raised upon the iron. He explains that this is due 
to the larger as well as the smaller ribs of the leaf pro- 
tecting the underlying parts of the iron while the thinner 
parts between could not yield such protection, and under them 
the impression is deeper." 


This was the condition of the subject when Munroe again began to 


study it experimentally in 1886 while at the Neval Torpedo Station, New- 


port, R.I. in the capacity of Chemist to the Torpedo Corps, U. S. Navy. 


He first placed upon iron plates some gun-cotton disks in which figures 


and letters were indented, and upon detonation obtained impressions on 


the plates in which these were also indented. He next used disks having 


raised letters and figures and obtained impressions in which these were 


also raised. Next he cut deep channels in the disks, of various forms, 


taking care that they always communicated with the outer air so that there 
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Fig. 5, Disk of gun cotton (right) and iron plate (left) uvon 
which a disk has been detonated, The letters and figures stamped 
in the disk are reproduced in precisely the same rolation on the 
iron plate. (40) 





View fran below Flevation 


Fig. 6, HOllow dynamite charge as constructed by Wunroe in 
1691 for blasting a hole in a safe. Sticks of dynamite were lashed 
around the outside of a tin can reeulting in a cylindrical cavity. 
(40) 
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would be no sir confined in them, and again the impressions were exactly 
reproduced in the iron. He next filled the indented letters and figures, 
in disks such as Jewell had used, with paraffin and with vaseline, so 
that the material was flush with the surface of the disk, and, on deton- 
ation, the letters and figures were found to have been obliterated. He 
next struck, with stamps, similar letters and figures on an iron plate. 
This plate was laid face downward on another iron plate and a lettered 
gun-cotton disk was placed on the upper plate and detonated. The result 
was, that while the ¢un-cotton disks produced the usual indented letters 
on the back of the top plate of iron, the top plate in whose letters and 
figures air was also confined and which was subjected to the same blovr, 
produced raised letters end ficures on the iron plate on which it rested. 

According to Munroe (39) in a talk given before The Newport Nature 
al History Society on October 20, 1886: 


"These last three experiments certainly seem to prove 
that the resistance of air to compression has nothing to do 
with this action. Again, when we consider how enormous the 
pressure to which this air is subjected becomes, we must be- 
lieve that, no matter how suddenly th form is applied, the 
air must undergo some compression, yet we find that the in- 
dentations in the iron are often nearly as deep as those in 
the gun-cotton. 


*In considering von Forster's hypothesis, we are will- 
ing to admit that the gases at the time of detonation pos- 
sess the exact form and occupy the same space as the gun- 
cotton from which they are formed provided th change takes 
place instantaneously. But it does not; in fact it occupies 
so appreciable a period of time, that the rate of propaga-~ 
tion of the detonation in it has been measured. Apart from 
this and even granting it, it will be observed that von 
Forster does not explain how the impression is to be produced 
by the gas. If the gas moves as a coherent mass, then the 
impressions should be the reverse of what we get. 


"From my recent experiments, I am the more strongly 
convinced that the effect is a purely ballistic one and that 
while the base of the gun-cotton, or its products, are pro- 
jected as a whole against the plate, where the intervening 
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spaces are the greatest, there we have the greatest inden- 
tation. This is true, also, in the leaf experiment which 

has been exquisitely reproduced. The varying thicknesses 

of the leaf vary the distances through which tle material 

is projected and hence the form and texture is reproduced 

in the impression. 


"TY take pleasure in exhibiting the specimens de- 
seribed and also two others which I have produced today. .. ." 


In another test (40) Munroe soaked several cylinders of gun- 
cotton in water and bored holes of various diameters and depths into 
them, including one with a 1-3/4 inch hole bored completely through the 
cylinder. These wet disks were then placed on an iron plate and ae sim- 
ilar dry disk of gun-cotton was placed on each as a primer. Upon firing, 
it was found that the deeper and wider the holes in the gun-cotton, the 
deeper and wider were the holes produced in the iron plate. In the case 
of the completely perforated eun~cotton cylinder, the iron plate was 
found to be completely perforated. 

Munroe also made impressions of leaves, pieces of lace, coins, 
pieces of wire gauze, etc. on a gun-cotton disk and on firing, found 
that the objects were reproduced upon an iron plate with utmost fidelity. 

In 1890, a commission was appointed by Congress for the purpose 
of determining the best method of safe and vault construction with a view 
to renewing or improving the vault facilities of the Treasury Department. 
Prof. Charles E. Munroe, then at the U. S. Naval Torpedo Station, Newport, 
NR. Ie, was called upon by this commission to demonstrate how safes might 
be successfully attacked. Among the many experiments conducted by Munroe 
and his assistant, First Lieutenant Samuel Rodman, Jr., U. S. Army, to 
demonstrate the resistance of safes and vaults then in production and use, 
was one made in December 1891 upon a cubical safe with walls 4-3/4 inches 


thick, made up of plates of iron and steel. 
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For this test, lunroe assembled what is undoubtedly the first 
practical shaped charge, and unwittingly incorporated into it a metal 
liner in the form of a tin can. This hollow charge, shown in Fig. 6, 
was made by tying sticks of dynamite around and upon the closed end of 
a tin can. (45) The aggregate weicht of the dynamite was 9-1/2 pounds. 
when the charge was placed upon th safe, with the open mouth of the 
can against the safe, and detonated from the opposite end, a hole 3 
inches in diameter was blown clear through the 4-3/4 inch wall, upon 
which a solid charge of the sare weight and material had previously 
produced no material effect. 

Another prominent, but somewhat later, worker in this field was 
Egon Neumann who claimec discovery of the effect in the Zeitschrift 
fir angewandte Chemie of November 24, 1911, for himself and his co- 
workers. He says “ie have found in the last few months thet if e hol- 
low be made in an explosive cartridge on the side towards the ch ject to 
be blasted, the effect is increased four- or five-fold." 

It appears that Neumann was probably the first person to use a 
conical cevity in shaped charges, He also used a metal liner, but ap- 
parently did not appreciate the sizeable increase in penetrating power 
resulting from its use. He, like lmnroe before him, apparently used it 
as a means of giving the desired shape to the cavity, for he indicates 
that no detrimental effects result if the liner is not removed before 
firing. 

In 1915, in his book on Explosives, Arthur Parshall originally 
ascribed credit for the discovery of the hollow charge effect to Neumam. 


Yowever, upon learning of Munroe's much earlier work, he rade public his 
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error and gave credit for the discovery to Munroe. (28) 

Although the shaped charge effect had been known for a good 
many years, all nations generally were relatively slow in adapting 
it to military or industrial use. Patents for Neumann's discovery 
of the hollow charge effect had been taken out in Germany in 1910 
(Ger. Pat. Am. W. 36,269 of 14.12.1910) and in England in 1911 (Fng. 

Pat. 28,030 of 15.12.1911), yet as late as 1920, A. Marshall stated 
that "No practical use has apparently been made of this discovery, but 
it is of interest as throwing a light on the nature of the detonation 
wave." (28) 

Not until about 1939 did the U. %. Ordnance Department begin to 
apply the shaped charge principle in practical armor-piercing ammunition, 
and its subsequent development and utilization during World War II was 
one of the most important scientific advancements made in the field of 
explosives during that war. The work of United Nations and Axis scien- 
tists in the investigation of the principles and applications of the shaped 
charge placed modern warfare on a new basis. <A number of new and devas- 
tating weapons were added which necessitated drastic changes in military 
tactics. This has been particularly emphasized during the current con- 
flict in Korea when the tremendous initial advantage of the Red mass tank 
attacks was later almost nullified by United States infantry, vehicular, 
and air-borne anti-tank weapons incorporating the shaped charge. Cormu- 
nist tank movements soon became elmost limited to night operations be-~ 
cause of the lethality of the hard-hitting American shaped charge weapons. 

Although the shaped charge received assiduous attention and tre- 
mendous impetus by the military during the World War II era, it was not 


without a limited degree of progress along non-military lines. Many 
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engineers and others who witnessed the shaped charge in action during 
World War II immediately foresaw great possibilities for it in the in- 
dustrial world, and as soon as the veil of security wae lifted suffi- 
ciently, applications for a variety of patents incorporating the Nunroe 
effect commenced to flow into the ratent Office. 

The various methods in which the shaped charge has been utilized 


are taken up later in this work. 
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CHAPTER ITI 
THEORY OF JET FORMATION 


*T often say that when you can measure what you are 
speaking about, and express it in numbers, you know some- 
thing about it; but when you cannot express it in nuwnabers, 
your knowledge is of a meagre and unsatisfactory kind; it 
may be the beginning of kmowledge, but you have scarcely, 
in your thoughts, advanced to the stage of science, what- 
ever the matter may be.” 

Lord Kelvin, Addresses, 1883 


Until relatively recent years, the shaped charge effect was 
strictly a phenomenon. The various early investigators had hypothe- 
sized as to what occurred during the explosive reaction, but none had 
dared attack the mathematics of the problem. 

Arthur Marshall in 1920 had to some extent correctly envisioned 
the sequence of events that gave the shaped charge its penetrating action 
when he stated (28); 

“The wave, consisting of such gas constantly renewed, 
advances through the explosive with a velocity of several 
thousand meters a second. ‘here the wave is in contact 
with the boundary of the explosive the gas flies off at 
right angles to the boundary and a fresh wave is formed. 

e « « e In the axis of the hollow of one of these bored- 
out charges the waves of highly compressed air come to- 
gether with enormous violence, and necessarily produce a 
blast in the same direction as the original wave of deton-~ 
ation. This is not only much more intense than the orig- 
inal wave, because it is more concentrated, but it also 
lasts longer, with the result that the metal plate is 
carried right away. .. ." 

Although satisfactory mathematics1 theories had been developed 
during World War II, it was not until June of 1948 that they found their 
way into the open literature. These theories, which are subsequently 
presented in this work, were developed during the latter part of 1943 


and the early part of 1944 by Garrett Birkhoff of Harvard University, 
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Dunean Po MacDougall of the Naval Ordnance Laboratory, "merson Me 
Pugh of Carnegie Institute of Technology, and Sir Geoffrey Taylor 
of Trinity College, England while working as a group in Fngland and 
later in the United States. They are reproduced in the following dis- 
cussion almost in their entirety, 

Since most of the reliable date concerning shaped charges have 
been obtained with cone-linod charges, most of the following discussion 


will apply only to then. 


Fig. 7. Hollow charge with 
wedge-shaped liner ready 


to be set off. (2) 







Metal Wedge 
Liner 


Explosive 
Charge 











Fig. 8 Hollow charge with oa ------- -- - --- --- -- 
wedge-shaped liner in the 





process of exploding. ~~~~~"~—~ 7 

Detonation wave has —+——— —— —1— a 
passed over most of a 

the liner which is in process | i 


of collapsing. (2) 


Detonation Wave 


BASIC PRINCIPLYS 

The basic principles involved in the phenomenon are outwardly 
fairly simple, and using a erude analogy, can be likened to the squeer= 
ing of toothpaste out of a tube, The mechanism of cone collapse and 
the resulting formation of high speed jets have been revealed by means 
of high speed radiographs made during the explosion process, 

Referring to Figs. 7 and 8, tho detonation of the booster starts 
an explosive wave down the charge. When this wave reaches the apex of 
the lined cone, it suddenly produces very high pressures on the outside 


of this cone causing its walls to collapse, The forces are s0 creat 
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that the strength of the metal liner has a negligible effect on the 
process, and the metal can be treated as though it were a perfect fluid. 
The explosive pressures on the outside cause the thin walls of the cone 
to move inward nearly perpendicular to their surfaces at high velocities. 
The moving metal retains a conical shape with the apex moving to the 
right along the axis. To the left behind the moving apex is found a 
section of thoroughly collapsed cone which contains metal only from the 
outer part of the cone. The inner part of the cone forms a jet which 
is squeezed out from the inner apex of the lining and travels at high 
speeds along the axis, to the right as shown in Fig. 8 In other words, 
the metal in the cone lining divides into two parts with the dividing 
surface between these tvo parts being a cone lying somewhere between the 
inner and outer surfaces of the original hollow cone. This has been con- 
firmed in England by Kolsky, Snow and Shearman using bimetallic liners. (22) 
The metal from the outer cone forms into a slug that travels to the right 
at relatively slow speeds (1500 to 3000 ft/sec.) which are in the speed 
range of artillery projectiles, The metal from the inner cone on the 
other hand, forms into a jet that travels to the right along the axis 
at very high speeds (6000 to 50,000 ft/sec.). It is this jet that is 
solely responsible for producing deep penetrations. This extreme speed 
of 50,000 feet per second, however, is considerably smaller than the 
theoretical upper limit of jet velocity which as will be explained later, 
is equal to twice the detonation velocity. For the most highly brisant 
explosives, this is arproximately 56.000 feet per second. 

In 1945 in Bofors, Sweden, Professor W. Weibull photographed the 


detonation process of a shaped charge having a 60° cone of l-mm. steel 
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plate and loaded with 200 grams of pentolite. The camera used had a 
speed of 5000 frames per second. His calculations showed the jet 
front to have a velocity of about 21,000 feet per second. The trail- 
ing slug was a separate solid piece with a velocity of about 2,100 
feet per second. (15) 

In the United States, flash radiographic techniques which permit 
excellent studies of shaped charge phenomena have been used extensively 
at the Ballistic Research Laboratories, Aberdeen Proving Ground, Mary- 
land. Fig. 9 illustrates quite clearly the inechanism of cone collapse. 
It should be noted that in this figure, the jet is travelling from right 
to left. In obtaining this series of radiographs, four different charges 
of identical size and construction were successively detonated and photo- 
graphed using a Westinghouse Micronex unit. X-ray bursts of the order of 
one microsecond were used, only one flash radiograph being made for each 
charge at a different stace of the detonation process. Timing of the 
X-ray flash was accomplished by a Primacord clock technique. 

Fig. 10 is another flash radiograph showing a metal jet perfor- 
ating two parallel steel plates inclined at an angle of 45° with the 
direction of the jet. Here again, the jet is traveling from right to 
left. Note that the jet is to ail intents and purposes undeviated in 
its passage through the plates. Fxcellent flash radiographs have also 
been taken of the detonation of electric blasting caps which also incor- 
porate the Munroe effect. 

Improved methods of instrumentation have done much toward improv- 
ing our knowledge of the shaped charge phenomenon. One slight disadvan- 


tage of the flash radiograph technique is that it can only be used for 
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(d) 





Fig. 9. Flash radiographs of metal-lined cavity charges. 
(a) Before detonation. The high explosive charge is cast about 
the 0.020-in. thick, 45° steel liner, and the charge diameter is 
the same as that of the base of the cone, not including the base 
flange. A 0.002-in. lead indicator strip is cemented along the 
top of the charge; (b) At approximately the instant the 
detonation reached the base of the conical liner; i.e., at the 
instant the last bit of charge detonated. The metal jet is seen 
inside the cone along the axis; (c) 4.8 microseconds after 
detonation reached base of cone; (d) 22.5 microseconds after 
detonation reached base of conical liner. The undisturbed 
base flange of the liner, the metal jet, and the slug are seen. 


(9) 





Fig. 10. Flash radiograph of a metal jet after perforating 
two }-in. mild steel targets set at 45° with the direction of 
the jet. The slug, seen at right, moves relatively slowly and 
performs no part in target penetration. (9) 
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the study of relatively small charges. 

Extensive studies are being done at Carnegie Institute of Tech- 
nology using super-hiph-speed camera techniques involving the electrical 
Kerr cell. By the use of transparent targets, excellent data may be ob- 
tained, even for relatively large charges. The Kerr cell technique is 
not suitable for the study of cone collapse, however. 

For obtaining jet velocities, rotating mirror and rotating drum 
cameras are widely used. These produce streak pictures, from which slope 
measurements are made to yield jet velocities. | 

The collapse process of hemispherical liners has not been studied 
as extensively as have those of conical and wedge-shaped liners. A se- 
ries of ingenious experiments conducted in Fngland by Kolsky (23) in- 
dicate that a different phenomenon is involved here, The method employed 
by Kolsky was to enclose the explosive charge in a glass tube 1 cm. in 
diameter and separate the explosive from the liner with water layers of 
different thicknesses, The charges were fired into water and the frag- 
ments recovered. These experiments showed that in the case of hemi- 
spherical charges, the liner is turned inside out into a roughly conical 
shape with the rounded apex pointing in the direction of travel. Later 
the liner folds up behind this rounded apex which then breaks away from 
the rest of the liner due to its greater speed. Hence it is evident that 
a mechanism different from the hydrodynamic theory for conical and wedge- 
shaped liners is operative here, No mathematical theory has as yet been 


worked out for hemispherical liners. 


MATHEMATICAL TREATMENT 


An elementary mathematical discussion of the phenomenon will now 
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be presented. Consider again Figs. 7 and 8. We assume that, after 

the walls have received an original impulse from the detonation wave, 
the pressure on all sides of the liner quickly equalizes and the walls 
continue to collapse inward with no appreciable change in velocity. 
Because of the finite time required for the wave to travel from the apex 
of the liner to the base, the angle 24 between the moving walls is 
larger than that between the walls of the original liner. 

Actually the effect of the detonation pressures acting for a very 
short distance is to give the liner a velocity V, which bisects the angle 
between the perpendicular to the original liner surface, and the perpen- 
dicular to the collapsing liner surface, 

To show thet Vo bisects the angle APP* in Fig. 12, consider a co- 
ordinate system having a constant velocity such that the origin moves 
from P to P* in unit time. In these coordinates a steady-state condi- 
tion exists in the region of the origin, with the liner flowing in along 
P*P, following e curved path and flowing out along PA. The curved path 
is caused by pressures on the liner from the detonation wave which have a 
constant distribution in these moving coordinates. The velocity of the 
liner passing through this region changes its direction but not its mag- 
nitude, since the pressure forces are everywhere perpendicular to the motion. 

let P’P and P*B (parallel to PA) represent, respectively, the 
entering and emerging velocities of the liner in the moving system. These 
are equal in magnitude. Since the velocity of the moving system is 
PP’, the velocity of the collapsing liner in the stationary system is 
the vertor sum PP’ + P'B= PB = Voe Also, since the triangle BPP’ is 
isosceles and since P'B is parallel to PA, angle BPP’ = angle PBP* = 


angle BPA. Therefore V, bisects the angle APP’. 
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The walls of the collapeing Jiner are two planes moving in-~ 
ward, as shown in Fig. 11. 

From Fie, 12 the junetion of these planes around A moves to 
B with e velocity 

v, = [VY ces 1/21 @-a)/ein B77 

A moving. observer stationed at this moving junction (point A) would 
find eny rotnt P in the wporver niare moving with a velocity eaual to the 
vector difference between the velocity of the walls and the velocity of 


the junction, “hus he woul¢e see the point P coming toward him with a 


relocity 
Vo = Lo cos 1/2(@ = )/tan @7 + 
Vo Sin 1/2( B= a). . ee 

Furthermore, 2s shown qualitatively by ma ls De 
Xeray pictures and as shorn in Fig. ‘aay iittala 
13, he will see a “jet” moving off SZ er 
to the right and a “slug” noving to the left, . —_ a. 

We now come to the crucial voint of the > ; 


~ ewo beere 
discussion, is vi a by — F1i€e Lhe Formation of jetand slug from a cone or wedge- 


a liner ee ns collapse Pa copy velocity 
, on, 9 as a result of the explosion of a charge that was in 
ver, Sho whole process appears to contact with the outer eiited The solid lifes show condi- 
tions at an early instant of time, and the dotted lines show 
»y lapse of time, conditions after the walls have moved a distance equal to 
-- the velocity Vo. 2) 





In hydrodynemic lansuvage it npnears to be e "steady motion,” from which it 
follows thet we can use Pernoulli’s equation 

Jav/ P (>) + 1/20? = const, (1) 
relating the pressure p and the velocity U. If the liner is nearly income 
pressible so that P = € is constant, this reduces to the simpler and 
more familiar equation 


p + 1/2 GU = const. (1°) 
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In either case, the pressure at any point in the fluid determines the 
velocity of the fluid at that point. Assume that the liner moves 


away from the exploded gases so fast that the pressure on its surface 


Figo 12. Geometry of the col- 
lapse process. OPP" is the upper 
half of the original cone or 
wedge. -1?, the collapsing see- 
tion, is moving with a velocity 
Vo, whose direction bisects the 
angle sIPP’. The detonation 
wave (velocity Ua) will move 
from P to P’ in unit time at 







DETONATION wave 


/ ss é q 
/ which time 2?’B will become the 
, collapsing section. The junction 
Ue A will move to B in unit time 
peace see = —_— oe . 
1A z ata velocity 
J Me Vo(sin@/sing) 
= Volcos}(8—a),’sing). 


/ since @=90°— }(8—a). 
(2) 

is very low and hence the pressures are constant on all of the surfaces 
of the collapsing liner. This is a well-known situation, and the 
boundary streamlines at constant pressure (hence velocity) are called 
"free streamlines.“ fence, as viewed by the observer, the jet and 
slug will appear to recede with exactly the same speed, Vo. 88 the 


Wallis appear to approach; this is shomm in Fig. 13, In particuler, 


during collapse, the jet end slug will have exactly the smme length. 


Fig. 13, Yormation of jet and 
slug by a cone or wedge-shaped 
liner shown in Fig. 11 fram 
the point of view of ean obser- 
ver etationed at the moving 
junction, 4. (2) 





This is observed experimentally. 
Going back to the stationary system of coordinates, it is seen 


that the forward jet (traveling to the right in Fig. 13) has a velo-= 


eity given by 
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while the backward jet or “slug” (traveling to the left in the moving 
system of Fig. 13) actually has a small velocity to the right given by 
Vg = V1 - Ve 
It may help to visualize the process to consider that: if the 
point P (fixed in the upper plane, Fig. 11) travels to point B (fixed 
in space) in unit time, the material from the inner surface of the 
upper plane included between PA and AB moves into the jet, and the 
front of the jet moves to the right a distance equal to PA + AB in 
the same time. Thus this material forms the very high velocity jet 


that is responsible for the deep penetrations. Its velocity is 


( cos 1/2(B~-c) cos 1/21 G- o ) 
: cos 1/2(8-4) , cos 1/2(G-d) inl & 
e Yo sin G e tan G =e ane C . (2) 


The material from the outer surface of each plane forms a slug 


and moves with the relatively low velocity 


( ) 


The principal of the conservation of momentum determines the man- 
ner with which the material of the collapsing planes divides between the 
jet and the slug. Let m be the total mass per wnit length of the two 
collapsing planes approsching the junction. Let m4 be that part of m 
going into the jet and m, be that going into the slug. Then 
mem; +mg- Equating the horizontal components of momentumbefore to 
those after passing the junction A in the moving coordinate system of 


Fig. 15, 
mVp cos 3 = MgVp - mjV2 
my = (m/2)(1 - cos G) ) 
m, = (m/2)(1 + cos@) (4) 
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According to this simple picture, the velocities of the jet and 
Slug and their cross-sectional thicknesses are constant. Also, from 
the last equation, it may be seen that from weighings of the masses of 
the liner and the salvaged slug, the angle @ can be evaluated without 
recourse to flash radiographic measurement, 

The ease of a conical liner may be treated in the same way. Howe 
ever, in this case the walls converge on the axis from all sides. The 
moving observer must travel at the same rate as in the case of the wedge. 
However, in order for the process to appear stationary to him, the total 
mass per unit distance along the axis must be constant. This is only 
approximately true in the case of a liner of constant thickness; to be 
exactly true, the liner thickness would have to be inversely propor- 
tional to the distance from the apex. 

In the case of a plane detonation wave traveling parallel to the 
axis with constant speed Ug,» we can even compute V, from the funda- 
mental relation 


Va . Vo cos 1/2( B=) 
cos A sin (Go ) 





which follows by pure geometry from Fig. 12. This replaces formulas 
(2)<(3) by 


V = Ug Sin lOn=A) | esc @+ ctn@+ tan 1/2 (Ge<- Af] 
cos A )e (2°) 


Vg = Ua Sin {= %) | ceo @ - etna ~ tan 1/2 (6@-“) ) 


COs & FE (3°) 
The jet velocity increases as the angle AK decreases, since @ 
also decreases. With such a detonation wave, the velocity approaches a 


maximum as of approaches zero. From equation (2°) 
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Vs 2 Vg when a=» OM, 
and the jet velocity cannot exceed twice the detonation velocity. 

In the hypothetical case of a conical wave front, moving perpen- 
dicular to the surface of a conical liner so that it strikes ell sur- 
faces at the same instant, G = & and the velocities of the jet and 
Blug from Faqs. (2)-(3) take the simple form 

V= (V,/sinx)(l1 + cos), 


Vs = (V,/ein<)(l1 = cos), 
With wave fronts of this sort, the velocity of the jet could be in- 
ereased indefinitely by decreasing the cone angele. However, as of 


tends to zero, the mass of the jet 


mys (m/2){1 - cos «) and the momentum of the jet 


m 3V ss (mv, /2) sin x | both tend to zero. 


Fxperiments have been conducted to change the shape of the deton- 
ation wave from planar to curvilinear in en attempt to make @ equal ow . 
(7) Inert aluminum disks 1-1/2 in. in diameter and 3/8@in, thick were 
inserted in Sein. charges at varying distances from the top of the 
charge. The only effect produced was to impede the mechanism of jet 
formation when the disk was placed close to the cavity liner. 

In summarizing, the mathematical theories presented above pre- 
diet jet and slug velocities as in (2)-(3), (2%)@(3*), and jet and slug 


masses as in (4) both for conical and wedgeeshaped liners. 


COMPARISON WITH EXPERIMENT 
The preceding theoretical predictions are in rough agreement 


with observation, but with important exceptions. According to flash 
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radiographs, the collapse angle 2464 is greater than the original cone 
angle and is epproximately constant throughout the collapse process, 
which is complete agreement with the theory. Further, these sane 
radiographs, as well as some rotating drum camera measurements, show 
that the speeds of the front of the jet and of the slug are close to 
those predicted by Eqs. (2) and (3), respectively, but, contrary to 
prediction, the speed of the back, or last formed part of the jet, is 
considerably slower than that of the front. Also, contrary to pre- 
dictions, an “afterjet" continues to be emitted after the walls have 
completely collapsed. 

Since the collapse angle 28 has been approximately determined 
by flash radiography, Eqs. (4) can be checked exnerimentally if either 
the slug or the jet cen be recovered efter the explosion. “hile both 
ean be recovered, it is fortunate that recovery of the slug is the 
easiest, since it can be made to yield more detailed information. ,, 

While charges bearing wedge-shaped liners do not give slugs thet 
survive the detonation process and subsequent battering, charges bear- 
ing cone-shaped linings with apex angles of 60° or less do. ‘These slugs 
have been recovered virtually undamaged by firing the charge into saw- 
Gust or water. They have been found to contain a smaller fraction of 
the original mass of the cone liner than Faqs. (4) predict. This is not 
surprising, since even qualitative inspection of the slue shows that 
the ideal collapse process, postuleted in obtaining Zqs. (4), has not 
continued all the way to the base. If, however, before loading and fire 
ing the charge, the cone is sectioned by a series of cuts in planes 


parallel to the base, normal jet formation and performance is obtained. 
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Fach section of the cone forms a corresponding portion of the slug. 
These portions, which were recovered as separate pieces, could be fit- 
ted together to form a normal appearing slug. By weighing each sece 
tion before and after firing, the contribution of each part of the cone 
to the jet, and to the slug, was determined. It was found that for the 
upper part of the cone, the contributions to jet and slug agree with the 
values calculated from Eqs. (4) within the experimental uncertainty in 
the radiographic determination of the angle G. The percentage loss in 
Weight increased, however, for the lower portions of the cone. This 
greater weight loss may be due in part to imperfect cone collapse near 
the base and the breaking off of some metal. Some of the increased loss, 
however, is certainly due to the formation of an additional length of 
jet from the slug efter collapse is complete. This late formation of 
jet from the slug is clearly shown in the flash radiographs, and its 
existence is also indicated by the weight-loss relations. There ms 
been considerable discussion as to why jet formation should continue for 
some time after collapse is complete. 

It may be that a pressure wave in the exploded gases converges 
on the slug and squirts out the efterjet like toothpaste out of a tube. 
Metallurgical examinations on recovered slugs show that the material 
near the axes of these elugs has been heated almost to its melting 
point. (8) The pressure wave which may converge on a newly formed slug 
is undoubtedly the same as the pressure wave which is primarily respon- 
sible for the penetrations produced by these same charges without liners. 
Immediately after an unlined hollow charge has been detonated, the ex- 


ploded gases stream into the cavity and converge onto the axis where 
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they are formed into a high speed jet. The effect produced by such 
a charge is the "Munroe effect" previously mentioned. 

For such a mechanism to account for the observed velocity of 
the afterjet, it would be necessary for the secondary pressure wave, 
converging on the slug, to produce much higher pressures than one 
should expect from a charge like that shown in Fig. 7. Some other ex~ 
planation is therefore needed. 

Another possible explanation of the afterjet is that it may be 
pulled out by the primary jet which is continuous in the neighborhood 
of the slug throughout the process of its formtion. This process of 
ductile drawing may be compared with the formation of fibers from 
molten glass or quartz. Experiments carried out by Bridgman have shown 
that many metals become enormously more ductile when subjected to in- 
tense pressure, and it appears conceivable that this great ductility 
might persist for at least a few microseconds after the pressure is 
released. If this latter mechanism is correct, it also would accowmt 
in part for the velocity gradient found to exist in the jet, since 
acceleration of material from the slug would result in deceleration of 
parts of the jet already formed. While this latter mechanim seems most 
probable at present, it is possible that both mechanisms play sore part. 

More modern theories tend to give a better explanation of the 
“afterjet” effect. These theories, however, are still of a confident ial 


nature and will not be included in this work. 
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SUMMARY 


1. The mathematical theory presented predicts jet end slug 
velocities for both wedge-shaped and conical charges as in (2)—-(3) 
and (2')-(3') respectively. 

2. The mathematical theory also predicts jet and slug masses 
as in (4) for both wedge-shaped and conical liners. 

3. The jet velocity increases as the cone angle decreases and 
approaches a maximum as the cone angle approaches zero. However, as 
the cone angle tends toward zero, the mass of the jet and the momen- 
tum of the jet both tend toward zero. 

4. The jet velocity cannot exceed twice the detonation velo- 
city. 

5. No mathematical theory has as yet been worked out for the 
case of hemispherical liners. Experiments show that these liners are 
turned inside out during the detonation process; hence the hydro~- 


dynemic theory does not appear to apply. 
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ORY OF PENS TRATION 


The process of penetration of a target material by a shaped 
charge jet is much like that of a high speed jet of water fron a fire 
hose nozzle penetrating a bank of soft mud. Target material is 
splashed out at high velocities radially from the point of impact. 

The diameter of the hole produced is considerably greater than, and is 
not directly related to, the diameter of the jet, but is more cl osely 


related to the energy delivered by the jet per unit depth of penetration. 





Fig. 14. Photograph of a solid steel cylinder (3.25 in. in Fig. 15. Photograph of a solid Jead cylinder (4 in. in 
diameter, 7 in, in Jength) which has been shot and then diameter, 9.5 in, in length) Ww ae has been treated the 
sawed in half to show the nature of the hole produced. .\ same as the steel cylinder in Fig. 3. The steel slug from the 
cross-sectioned replica of the charge that produced this — liner can be seen embedded in a lead about 5 in. from 
hole is shown in the position that the real charge occupied — the bottom of the cvlinder. 
before it was detonated. Vhe real charge contained 0.25 
lb. of Peutolite. The cavity liner was a stecl cone (0.025 (2) 
in, thick, 1.63-in. base diameter). ( 
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The diameter of the jet ttself is usually very small end con- 
siderably smaller than the hole formed, This has been determined 
photographically. Experiments have also been conducted in which the jet 
was made to pass through a 6<rm, hole in a sereen without injuring it 
although the hole which the jet punched in a steel plate lying behind 
it had a diameter of 25—nmm,. (15) 

As shown in Figs, 14-16, the hole 
diameters are smaller in hard materials 
than in soft, since more work nust be 
done to open the hole in the harder mater- 
ials, In soft materials, like lead, large 
diameter holes are produced because the 
radial momentum of the target material 
spreads it outward until it can be stop- 
ped by elastic or viscous forces, 


On the other hand, with most 





charges, the rate of penetration and the 


depth of penetration into most target 
Fig. 16, Photograph of a stack 


materials are nearly independent of of alternate steel m4 lead 
plates after attack by a conical, 
the strength of the target material, lined charge, ‘11 plates were 


originally the same size, the top 
This arises from the fact that becawe plate being of steel. This pro- 
vides a striking demonstration 
of the high velocities of shaped that radial plastic flow produced 
by the jot is arrested more quick- 
charge jets, the pressures produced at ly by high yield strength materials 
(steel) than by low yield strength 
the point of impact are far above the materials (leaf), (2) 


yield point of moot materials, Toa 


first approximation, the strengths and viscosities of target materials can 
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be neglected, and the problem can be treated by hydrodynamics. 
PENETRATION WITH CONSTANT JETS 


The theory presented in this section was discovered independent- 
ly by %. Hill, N. F. Mott, and D. C. Pack in England; earlier similer 
semiquantitative ideas had been advanced by Kistiakowsky, Nesserly, 
and Pugh. It is taken almost in its entirety from the Journal of Applied 
Physics of June 1948. (2) 

In order to simplify the mathematical treatment by the elimina- 
tion of several variables, the theory of penetration is first shown for 
the case of a constant jet. A constant jet is merely an idealized jet, 
eas shown in Fig. 17a; it is assumed to have a constant length, &, velo- 
city, V, and density, C; » and to be penetrating a semi-infinite target 
of density, (© , with a velocity, U, as shown in Fig. 1%. A constant 
jet is assumed to be completely formed ami in possession of the above- 


mentioned physical properties before it arrives at the target. 


ee 
«en eee ees 


Jet Density Cs Velocity Vo. 


Fig. 1?a. Idealized jet of length 2, velocity V, density 6, 
and crossesectional area A. 





Penetration Velocity 


——_—____ yan 
U 





Target Density ( 


Fig. 1%7b. Idealized jet penetrating target material of den- 
sity @ , with a velocity U. Inasmuch as it is a continuous 
jet, it spreads out as it reaches the target. 
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Stationary Surface 











Velocity of 


Jet Velocity Target Material 


Ve-Wd 
lg 
Fig. 17c. The steady state in (b) transferred to a coordin- 


ate system moving at the penetration velocity U. In this 
moving system the hole contour is fixed. (2) 


Consider the case in which U has reached a constant value. The 
phenomenon is simplest when viewed in a system of coordinates moving 
with a velocity U, as shown in Fig. 1%c. In this system, the hole pro- 
file is fixed, and the jet moves to the right at a velocity V-U, while 
the target moves to the left at a velocity U. If the pressure produced 
by the jet is large compared to the strengths of both the target and the 
jet material, they can be treated like perfect fluids. The pressure on 
the two sides of the surface of contact between the jet ond the target 
must be the same. Hence, by Bernoulli's theorem, which is valid since 
the phenomenon is stationary in the coordinates we have chosen, 

1/2. 7; (vu)? =« 1/2 ew (5) 

The velocity U has been measured for a number of charges and tar=- 
get materials. Using lined, conical charges, the velocity U in steel 
targets has been observed to be as high as 2.7 x 10° om/sec. In these 
cases, the pressure produced by the jet is 1/2 7 U = 0.5 x 7.8(2.7 x 10° )2 
= 2.8 x 1011 dynes/em* or 0,28-million atmospheres. Since this tremendous 
pressure is far above the yield strength of any steel, the treating of 
steel as a perfect fluid is justifiable. 


The mechanism of penetration is illustrated in Fig. 17, which shows 
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the jet being used uv by impinging on the target. If it is assumed that 
the steady state is reached almost instantaneously and that the penetra-~ 
tion stops as soon as the last jet particle has struck the target, then 


the total penetration P is equal to 


P = Ute = UY/(V-0) @ (A/C) (6) 
from Eq. (5), where I is the original length of the jet and ty is the 
time of penetration. 

This is a surprising result. It indicates that the depth of pene-~ 
tration into a massive target depends only on the length and density of 
the jet and the density of the target, but not upon the jet velocity. 

The lack of dependence on jet velocity is at first most surprising. 
However, one need only notice that although from Eq. (5) the velocity of 
penetration U is proportional to the jet velocity V, the rate at which 
the jet is used up is also proportional to V. Thus, a faster jet is used 
up in a shorter time, and the total penetration remains the same. Of 
course, this independence of the depth of penetration on the jet velocity 
can hold only for velocities great enough to produce pressures far above 
the yield strength of the target materials. 

It is probable that after the last jet particle strikes a rela- 
tively soft target material it will have sufficient residual momentum 
to open up the hole still deeper. This effect has been called “secondary 
penetration” to distinguish it from that given by Eq. (6). It helps 
explein why deeper holes are produced in massive lead targets than in 
massive steel targets even though the lead targets have higher densities, 

In jets from conical liners, a small emount of jet material at 


the rear of each jet travels slow enough to produce stresses lower than 
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the yield strength in armor, though higher than the yield strength in 
mild steel. Thus the penetration process may continue longer in mild 
steel than in armor. ‘This phenomenon, together with the phenomenon of 
secondary penetration, accounts for the fact that the total penetration 
into steel armor is a little less than the total penetration into mild 
steel, and that the penetration into lead is greater than the total 
penetration into either of the steels. 

Equation (6) indicates that the depth of nenetration by a given 
charge should be inversely proportional to the square root of the den- 
sity of that target. This is roughly true in many cases, though there 
are a number of exceptions, as evidenced in the previous paragraph, in- 
dicating that this simple model needs to be modified. 

Though this theory correctly predicts a number of experimental 
phenomena, there are many experiments that show the inadequacy of this 
simple jet model. The average penetration into a given target at first 
inereases and then decreases as the distance (standoff) between the charge 
and the target is increased. This phenomenon is illustrated in Fig. 18 
by shots into a massive mild-steel target with a lined, conical charge. 

A number of tests have been conducted in which the massive mild- 
steel target was part of a ballistic pendulum so that the momentum of 
the jet could be measured simultaneously with the penetration it produced. 
These oxperiments showed that while the average penetration varied greatly 
with standoff, the average momentum was almost constant and independent 
of standoff. 

This result agrees well with present theory, which indicates that 


the penetration should be independent of the velocity of the jet. Further 
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confirmation of this point is found in Fig. 19, where the individual 
momentums of jets at a given standoff are plotted against the penetre- 
tion they produced at this same stendoff, The varietions in momentunms 
ere smaller than those in penetrations, but the two variations show ab- 
solutely no correlation. Jets having the largest momentums did not 
produce the deepest penetrations, 

If the material in the jet is broken up into very fine particles 


which are sufficiently separated so that they do not interfere with each 
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Pip. 18. Curves of averace penetration into mild 
steel as a function of standoff. 4 indicates average 
penetration with the average deviation of the mean. 

X indicates the maximum and the minimum penetraticns, (2) 


other, the pressure produced by tho jet »111 be greater than that indicated 
by Bernoulli's theorem in fq. (5). This follows from the fact thet a par-= 
tiele jet does not spread out over so large on area as a continuous one. 
The continuous ‘et is capable of supporting internal pressure, whereas 

the particle jet is not. ‘this ability to support internal pressure pro- 


duces a gradient in pressure along the axis of the jet with the hichest 
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pressure at the point of impact with the target and reducing down to 
zero in the unaffected part of the jet. The gradient in the preeeswre 
causes a gradient of the opposite sign in the velecities within the jet 
from U at the point of impnet with the target to V in the uneffectod 
part, Sinee witha jet under steady-atate conditions, the preduct velo- 
city times cross-sectional area must be the same at all points, the 


gradient in_the velocity causes the cross-sectional area of the {et to 


A 


> 


Pendulum deflection (in 





0 a 2 3 4, 2 6 


Penetration (in.) 


Fige 19. Ballistic pendulw deflections versus 
penetrations inte mild steel for standard charges at 
12-in, standoff. The circles represent data obtaine 
ed from one batch of charges, while the crosses re~ 
present data obtained from another batch, These 
charges were mede to te identical, end no variations 
were observed before detonation. The second batch 
of charges gave necrly the same average penciretions 
as the first, even though their average jot momentums 
were lower, (2) 


ineresse es it approaches the target. 


UNCLASSIFIED 








UNCLASSIFIED £00c 


With a particle jet of the kind sssumed, the particles retain 
their velocity end area until they make inelastic impacts with the tar- 
get surface and no such spreading takes place. The pressure produced 
by a particle jet can be calculated approximately by dividing the total 
foree required to effect the change in momentum of the jet by the total 
area A the jet strikes. The total force is given by the rate of change 
of momentun (5A (v-U)2, and so the average pressure on the surface is 

C;(v-0)2. If this pressure is set equal to the pressure in the target 
material at the point of impact, as given by Bernoulli's equation (1'), 
we get 

Cs (v-u)® = 1/2 ve (7) 
This equation differs from (5) only by the factor 1/2 on the left side 
of the equation. The two Eqs. (5) and (7) can be combined into one 

Xe; (v-u)? =» ( UF (8) 
where A is a constant that equals one for continuous jets, and two for 
dispersed particle jets, If a jet is intermediate between these two 
types, A may take values between one and two. 

From Eq. (8), the penetration produced by either tyne of jet can 
be calculated 

pe “rde/e)*. (9) 
This equation should hold only for idealized jets whose properties remain 
constant throuchout the penetration process. Real jets show a more come 


plex behavior which will now be discussed, 


PENETRATION WITH VARIABLE JETS 


Jets from conical liners are not constant idealized jets, but 


change in length, velocity, and density as they travel. Yor these real 
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jets, Eqe (9) must be modified. As mentioned earlier, the jet velocity 
decreases continually from the front to the rear; hence the jet becomes 
longer and longer. The increasing length produces other changes in jet 
characteristics that must be considered. Furthermore, real jets do not 
have the same properties throughout their length at any given time, and 
they are usually not completely formed at the time they start penetrat- 
ing a target. This last raises the question as to whether or not the 
target may react upon the jet to change its characteristics while it is 
being formed. 

Such a reaction of the target upon the formation of the jet can- 
not take place if the velocity of sound in the jet material is low 
enough so that eny pressure pulse produced by the target cannot travel 
back to the neighborhood of the stagnation point (Tig. 11) in the jet 
being formed. This condition is generally realized even at low stani- 
offs, since the velocities in the front part of the jet are himer, am 
those at the rear are not much lower than the velocity of sound in the 
jet material. With conical charges such as shown in Mg. 14, the condi- 
tions are such that no effect upon the formation of the jets can be ex- 
pected from steel targets that are no closer to the charge than 1/2 inch, 
This is fortunate, for it makes it possible to divorce the process of 
pere tration by jets from the process of formation of the jets. 

To calculate the penetration of a jet into a target, one needs to 
know its physical characteristics at all points in the jet and at every 
instant of time. The true conditions are undoubtedly very complex. 
However, in calculating the penetration attributable to a jet, we need 
only concern ourselves with the average density, Oss and state of dis- 


persion, characterized by A, of that part of the jet that is about to 
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strike the target at the civen instant of time. The average density, 

3, is defined as the mass in a small section of the jet divided by 
the over-all volume of that section. It will be considered equal to 
the density of the liner material in continuous jets and lower than 
that in particle jets. The factor A will be considered as o function 
of C5, although it may slso vary somewhat with the size of the parti- 
eles into which the jet is broken. let us assume that the (; and A, 
of tht part of the jet from a given charge that is striking the target 
at the given instant, are independent of time and devend only upon the 
distance from the base of the original cone to the point where the jet 
is striking the target. 

While this assumption is made because it greatly simplifies the 
calculations, it is probably close to the truth as any other simple as- 
sumption thst could be made. If we neglect the relatively small com- 
pressibility of the metal in the liner, all parts of the jet from a given 
charge must leave the stagnation point (Fig. 11) with the same density. 
If the jet breaks into particles because it has a large velocity gradi- 
ent, it is probable that the front breaks up first and the rear later, 
and thus the breaking may take place st approximately the seme position 
in space for all parts of the jet. The subsequent reduction in density 
of the jet produced by spreading of the particles due to the velocity 
gradient and other causes is probably devendent more upon the Chtance 
that particular section of the jet has traveled from its point of forme- 
tion than uvon its position in the jet or upon the time since the pro- 
cess started. 

It should be noticed that, while the theory of forrntion of jets 


from conical liners of uniform thickness indicates that the rear of each 
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jet should have more mass psr unit length than the front, there is no 
reason to suppose that the densities at these points will be different. 
The jet cross section is probably larger at the rear than at the front, 
but this should not affect the depth of penetration, though it should 
affect the diameter of the hole moduced. 

with this assumption, since A depends upon 4, the Cy and the 
of that part of the jet from a given charge tmt is striking the tar- 
get depend upon the distance x from the cone base but not unon the time t. 


The penetration is given by 


pe f vat, 
where the integral is evaluated over the time of penetration. low 
dl = (vV-U)dt, where af is the small element of the jet that will strike 
the target and thus be removed from the jet in the next instant of 


time dt. Hence, neglecting transient effects, 


ps f vaf/(v-v) (10) 
integrated over the total length of the jet as it strikes the target. 
Assuming that fq. (8) holds approximately for variable jets, Faq. (10) may 
be written 

72. 

pe {(AG/e) a (11) 

or 
2 “2 

pe Me™ f (Ae) ah (12) 
if the target is of constant density. The integral in Eq. (12) depends 
primarily on the jet cheracteristics, so that penetrations of similar 
charges into different targets should be inversely proportional to tie 


square root of the density of the target just the same as for constant 
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jets. However, Eq. (12) predicts that the penetration into a given tar- 
get by a given variable jet will depend upon the distance between the 
charge and the target, whereas the penetration with constant jets would 
be independent of this distance, 

let the standoff s be the distance between the original cone base 
and the surface of the target. Since the jet lengthens as it travels, 
the integral in Mq. (12) for a given jet depends upon s. An exact cal- 
culation of this dependence is difficult and is hardly justified, cone 
sidering the uncertainty in the original assumptions. However, an ex- 
cellent idea of this dependence can be obtained by the use of some ap~ 
proximations. 


Bqe (12) may be written as 


P= we)? f af 
where J is a kind of average value of the quantity ( A C; ye during the 
process of penetration. Its value lies somewhere between the values of 
(A e,\% at the beginning and at the end of the penetration. Accordin 
to our assumption that X and @, for a given charge depend on distence 
but not on time, 7 depends primarily on 8s. The quantity J and the in- 
tegral Jat both depend very slightly upon the density ( of the target, 
since a different penetration in a different density target will change 
the average obtained for ( A A,)4 as well as the value of ii af. For 
both, the dependence upon 7 is so slight it will be neglected. The in- 
tegral J a for a given charge also depends primarily ons. If the jet 
were of constant length, fad would give this length, since it represents 
an integration of all the elementary lengths of jet as they strike the tar- 


get. “ith ea variable length jet, | at represents an effective length, 
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for it is the sw of all of those elementary lengths of the jet that at 
each instant sre causing the penetration. This effective length I af = 
tL depends primarily upon s,. Equation (12) becomes 

pe TH(C)* (13) 

Fram Eq. (13) the approximate dependence of P on s can be calcul- 
ated. There are three cases to consider, all of which may occur at dif- 
ferent stages in the same jet. 

Case l. =~ The jet is "drawn out®* like a ductile metal and becomes 
narrower. The jet density é, is unchanged, and, since A is a constant 
equal to one for a continuous jet, P increases in direct proportion to J. 
The process of ductile drawing of the jet due to the velocity gradient in 
it was first suggested because the increase in penetration proportional 
to (L)2 for particle jets of Case 3 did not appear to be rapid enough to 
account for the experimental observations. 

Case 2. ~- The jet is in the process of changing from the first 
(continuous) to the second (particle) type of jet. It has broken up into 
particles, but the particles are still so close together that on impact 
with the target, the jet acts almost as though it were continuous, The 
value of A is intermediate between 1 and 2, but approaches 2 in an un- 
known manner as the jet lengthens. Thus Xd increases and C, decreases 
with standoff. Whether i the average of ( 6)* » increases, decreases, 
or stays constant depends upon whether XA increases faster than, slower 
than, or at the same rate as C; decreases, Some experiments suggest that 
J first increases slightly, and then decreases with increasing standoff. 
Probably the penetration produced is much the same as that of Case l, 


where J is constant and the penetration is proportional to 7 
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Case 3. - The jet consists of finely divided particles with un- 
changing cross-section. The factor A is a constant equal to 2. Since 
the decrease in €; is caused by the lengthening of the jet due to its 
velocity gradient, the average velue of G should be imersely pro- 
portional to [, and J should be inversely proportional to i) . Thus 
from Eq. (13), P should be proportional to i. The penetration in- 
creases with standoff, though at a slower rate than with jets of Cases 
1 and 2. 
The nature of jets from conical liners depends upon the physical 
properties of the cone materials under the conditions of temperature 
and pressure found in the jets. Probably all metallic jets pass through 
each of the three stages, starting out as continuous but sscner @ later 
breaking up into particles, The metals that are less ductile under these 
conditions break up into particles sooner than those that are mere @uctile. 
Thus, charges with more ductile linings, like aluminum and copper, produce 
larger penetrations as the standoff increases than do those with less 
ductile linings. In each case, the penetrating ability increases with 
the standoff of the charge from the target, rapidly at first @ring the 
ductile drawing and more slowly after the jet has broken up into particles. 
It might seem that the penetrating power of these jets should in- 
crease indefinitely, but there are a number of reasons why this does not 
happen, the more important of which are given below: 
le in practice, the jets are rmever perfectly aligned, so they 
tend to spread and their effective density is reduced, thus redwing 
their penetrating ability. 


ee The reduction in jet density cawed by both lengthening and 
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spreading eventually reduces the pressures produced in the targets until 
their strengths can no longer be neglected, and the simple theory breaks 
down. 

3. At great distances, the particles spread so far apart that 
the air resistance on the individual particles becomes an important 
factor. Close to the charge (within 10 or 15 times the diameter of the 
base of the cone) air can be treated approximately like any other target 
having the seme density. The front of the jet creates a very intense 
shock wave with an evacuated space behind it which reduces th air re~ 
sistance on the rest of the particles in th: jet to a negligible quantity. 

All of the above tend to reduce the penetration as the standoff 


increases, 
EFFECT OF STANDOFF ON PENETRATION 


An approximate exvression for the penetration as a function of the 
standoff s can be obtained for variable jets from Eq. (13). However, it 
is necessary to neglect any changes in velocity because of forces acting 
upon each jet particle from the time the jet is formed to the time when 
the particle strikes the target. This approximation is not serious be- 
cause the forces acting upon the jet partivles in this period are rela- 
tively small. The internal forces acting during the ductile drawing 
process change the velocities somewhat but not enough to seriously affect 
the rate at which the length of the jet changes, which is the quantity 
that now concerns us. 

The effective length, J, of the jet increases linearly with stand- 


off, s, because of the gradient of velocity which is known to be approxi- 
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mately constant along the jet. The ratio of the effective length at 
standoff s to that at s = 0 is then roughly 

l + «8, 
where of is a constant denending upon the velocity gradient. 

Yor particle jets, the effeetive density eC of the jet devends 
upon its effective length, L, and its effective cross-sectional area. 
The effective cross-sectional area increases with standoff because of 
spreading. If there are no appreciable forces upon th jet particles, 
they will travel in straight lines, and the radial spreading will be 
linear with s. If the radial spreading is symmetrical about the axis, 
tre ratio of the effective jet radius at standoff s to that at s = 0 
is roughly 

1 + As 
where Gis a constant that determines the rate of spreading. The ratio 
of the effective cross-sectional area at standoff s to that at s = 0 is 
i « s)* 
if the spreading is symmetrical. If the spreading is somewhat non- 
symmetrical, this relation holds less exactly. 

Although the actual jet density is constant in the continuous jet 
of Case 1, the effective jet density may decrease with stamoff because 
of waver caused by faulty alignment. For lack of better information, 
it may be asswued that the continuous jets waver through the same solid 
angle as the particle jets spread. The ratio of effective jet donsity 
due to spreading or wavering at standoff s to that at s = 0 is roughly 

w/(l + (a s)*, 


The penetration of these jets c=n then be obtained approximately 
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from Fq. (13). For Cases 1 and 2 
P = Py (1+ &8)/(1 + Bs) (14) 
where Pp) is the penetration at s = 0. 
For particle jets of Case 3, for which A = 2, the venetration 
is approximately 
Pp = Pe B14 he)* /(1 + Bs) 7, (15) 
where P§ is the value for P from Eq. (14) at the value of s = s, where 
the jet breaks into particles. Generally each jet passes through the 
stages described by Case 1, Case 2, and Case 3 in that succession. 
Curves of penetration versus standoff can be fitted very well 
with Eqs. (14) and (15), using values of ad, @ , and s, that other 
experiments have shown to be reasonable. However, they cererally can- 
not be fitted with Bq. (15) alone. At low standoff the experimental 
penetration rises so rapidly with standoff that some ductile drawing 


needs to be postulated to account for the facts. 
EXPERIMENTAL VERIFICATION 


Equation (8) indicates that the velocity of penetration U should 
depend upon the density of the target material ( but should be inde- 
pendent of all other properties of the target. Since Fq. (8) was de- 
rived for steady-state conditions like those shown in Fig. 17¢e, it can- 
not be strictly true for variable jets. However, it should hold approxi- 
mately for average values of V and UV if the velocity measurements are 
made over a distance so short that the jet properties vary only slightly 
during the process. To compare results with different targets, it will 


be necessary to have all of the targets at the sane distance from the 
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standard charge so that the average density of the penetrating jet is, 
as nearly as possible, the same in each target. 

A number of different target materials, in plates of ®=in. 
thickness, have been tested at 6<1n, standoff from standard charges 
with conical steel liners (base diameter 1.63 in., apex angle 45°, 
wall thickness 0.036 in.). A high speed rotating drum cemera was used 
to record the speed of the jet just before and just after it perforated 
the target plates (Vp and V,, respectively) and the time required for 
that perforation. Striking examples of the excellent work being con- 
ducted along these lines are shown in Figs. 21 and 22. These micro- 
second photographs were taken at Carmegie Institute of Technology where 
comprehensive research on jet action is being done for Army Ordnance 
under the direction of Dr. Emerson Pugh. The average velocity U is 
obtained from the perforation time, and the average jet velocity in the 


target is given by (Vp + V_)/2. Eqe (8) can now be written 


V-U - eed «tert 
(P/ Cy A) (P)" fs, 


or 
= Le 7 +1, (16) 


where J = ( A “a depends only on the jet density for a given liner material. 
From Fq.e (16) a straight line should be expected if the ratio of 
average velocities (V;, + V,)/20 is plotted as a function of (ejz » where 
(? is the target density. Figure 20 shows such a plot. 
From the slope of the line in Fig. 20, the average value of 
A eC, (reciprocal of the square of the slope) of these jets, when tley 


are between 6 and & in. from the cone base, can be obtained. The average, 
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mexinum, enc minimwa values of A ©. from Fig, 20 are, respectively, 
3.9, 90, and 1.4 g/ee. If AAs near 2 in eech erse, the jet dene 
arties are, reepectively, 1.5, 4.5, ond 0.7 ¢./ee,, which should be 
compared with 7.8 g/ee, the density of steel, The valw 4,5 g/ce 

for the best jet is sa near the density of steel tint this fet mrobably 
ected somervhat like a cortinvonurs jet with a XD less than 2, In whieh 


ease, the actus] density ras rore then 4,5 ¢,/ee, 
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Fige 20. The ratio for standerd charges of 
the average jet velocity toe the averave penetra- 
tion velocity in material of different densities, 
The erosses indicate the averages for each rater~ 
ial, (2) 
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"Ie. 21. Jot emerging through a section of armor plate 
makes neat bulge and glows brilliantly because of eir frice 
tion caused by its tremendous speed, which is about 10 times 
that of a rifle bullet, (50) 
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Fig. 22. In photo taken at s millionth of a second, es 
baped charge hits a section of half-inch armor plate fran the 
left and sends a steel jet (thin horizontal line) through to 
the right. (50) 
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SUMMARY 


le With constant jets, the depth of penetration into a massive 
target depends only on the length and density of the jet, and on the 
density of the target, but not upon the jet velocity. However, this 
independence on the jet velocity holds only for velocities great enough 
to produce pressures far above the yield strength of the target material. 

2. With constant jets, the depth of penetration by a given charge 
is theoretically inversely proportional to the square root of the density 
of the target material. This is roughly true in most cases. However, 
it should be realized that the penetration process will ceitinue longs? 
in materials of low yield strength than in those of high yield strength, 
as the slower, trailing portion of the jet may be able to produce stresses 
greater than those of lower yield strength materials; whereas it might be 
stopped by higher yield strength materials. 

¥e The average penetration into a given target at first increases 
and then decreases as the standoff is increased from zero standoff. 

4. The nature of jets from conical liners depends upon the physi-~ 
Cal properties of the liner material. It is believed that all metallic 
jets probably start out as continuous, but sooner or later break up into 
particles. 

5S. Brittle materials perform more poorly than ductile mterials. 
If optimum performance is to be obtained with a brittle material, it 
should be fired at a shorter standoff than would be required for a more 


ductile material of equal density. 
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CHAPTER IV 


FACTORS AFFECTING PENETRATION 


Some degree of the Munroe effect may be obtained with any kind 
of high explosive by cutting a cavity of almost any size or shape in 
the side of the charge that is to face the object to be attacked. As 
has been mentioned before, demolition engineers sometimes cut a small 
"chunk*® out of a block of dynemite before placing it against san object 
to be severed, Miners have even been known to arrange sticks of 
dynanite in the shape of a teepee to blow a hole in the ground. Munroe 
himself constructed the first practical shaped charge by tying sticks 
of dynamite around and on top of a tin can, thus creating a cylindrical 
cavity in the middle of the charge. 

However, to attain the full benefit of the Munroe effect, certain 
factors must be taken into consideration in the design of the cmrge 
and in its fabricetion. 

As is frequently the case with new discoveries, widespread ap= 
plication of shaped charges preceded a complete understamiing of the 
theory. World War II saw a race between United Nations and Axis expats 
to learn more about the best ways to determine optimum values for swh 
variables as standoff, wall thickness, strength of explosive, cone angle, 
etc. This entailed a great deal of experimentation. However, by dint 
of much research, there evolved a wide variety of shaped eimrges which 
could be counted on to produce definite results, and these saw considere- 
able service during World War II. 

Since a shaped charge is primarily a penetration device, the 


depth of penetration is generally used as the criterion of its efficiency. 
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This is expressed as the maximum thickness of the target just perforated 
by the jet (generally in steel, or concrete), or the depth the jet will 
penetrate into a target too thick to be perforated. The latter method 
appears to be more widely used. 

The design of a shaped charge is complicated by the intricate 
interdependence of several obvious factors in addition to certain less 
obvious ones. In most applications, the design for maximum jet effi- 
eiency must be a compromise of these several factors which will now be 


discussed. 
STANDOFF 


Standoff is the term used to define the distance in air between 
the base of the shaped charge and the target. This space is necessary 
to allow a more or less complete formation of the jet before it strikes 
the target, and eny hindering material (such as water, oil, sand, etc.) 
will markedly reduce penetration. In shaped charges with conical liners, 
stamioff for optimum performance increases with increasing apex angle. 
The optimum standoff for similar liners of different materials may vary 
over a considerable range. Optimum valves of standoff germrally range 
between 1 to 3 times the diameter of the liner base of a conical charge. 
The average standoff employed in four U. S. statically fired charges is 
1.40 times the diameter of the base. The average standoff employed in 
six U. S. projectile-type charges is 2.33 times the base diameter. This 
figure was obtained from drawings, and does not indicate what the ef- 
fective standoff is at the time of detonation. 

Stendoffs for military shaped charge weapons which are fired at 


their target are expressed es the length of the hollow space below t he 
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liner base in front of the shaped charge shell, grenade, rocket, etc. 

The resultant standoff is less than that shown in a drawing because of 

the partial erushing of the hollow nose before tle fuse functions, 

This effect must be taken into consideration in ths design of the weapon. 
The average depth of penetration into a given target at first in- 

creases and then decreases as the stanioff is increased. This phenomenon is 


illustrated by Fig. 18 of Chapter III. 
SYNME TRY 


Symmetry of the charge about a central axis (or central plane in 
the case of linear charges) is of utmost importance. This should include 
geometrical and metallurgical uniformity of the liner, physical and chemi- 
cal uniformity of the explosive, and symmetry of detonation. 

A burr, crack or slight unevenness in the cone or its lining may 
result in more resistance to the explosive force on one side of the cone 
than on the other end hence may cause the jet to wobble and lose part 
of its effectiveness. 

Liners must be free from internal defects as well as being geo- 
metrically symmetrical. However, annealing is no longer considered 


worthwhile for obtaining good performance. 


GEOMETRY, MATERIAL AND THICKNESS OF LINER 


Many different geometrical shapes of liners have been tried, e.g, 
cones, hemispheres, paraboloids, pear shapes, trumpet shapes, etc., how- 
ever, none has appeared to provide remarkable advantages over any of tle 
others. Conical liners appear to give the deepest penetrations and are 


encountered most frequently. Hemispherical liners are used when large 
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hole diameters are desired. Symmetry of shape rather than type of 
shape is the important facta. 

Many different types of liner materials have been tried. The 
following have been used to varying extents in shaped charges: copper, 
mild steel, cast iron, aluminum, aluminum alloys, zinc, brass, tin, 
lead, and glass. Yor deep penetration of solid targets, copper liners 
give mximum performance, with liners of mild steel and high copper alloys 
giving good results. Glass and aluminum liners produce large hole di- 
emeters but shallower penetrations. Application, cost, and ease of 
manufacture are important considerations in liner choice. Glass liners 
are preferred in charges employed for drilling shot holes for they form 
easily pulverized slugs which can be raked from jet holes leaving them 
cool and safe for the insertion of secondary explosives. 

Most werk in this country has been done with conical liners of 
uniform wall thickness and having apex angles of 30° to 60°. Tests 
have been conducted by Clark (7) to determine the importance of wall 
thickness and tapered walls. Tapered-wall cones of incressing thickness 
from apex to base were found to give somewhat higher values of penetra- 
tion than uniform wall cones. However, the concensus of opinion today 
is that the slight increase in penetration obtained by tapered cones is 
not of sufficient value to justify their use, in view of their higher 
cost amd difficulty of manufacture. 

in cones of uniform wall thickness, tests show that penetration 
varies considerably with variation in wall thickness, The thinner the 
wall, the greater the jet velocity. For cones of the same apex angle, 
the optimum wall thickness is proportional to the base diameter. Optimum 


wall thickness also increases as the apex angle is increased. Hence it is 
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seen that optimum wall thickness for conical liners is dependent upon 


apex angle as well as ths base diameter of the clarge. 
TYPE OF EXPLOSIVE 


While it was show earlier that surprisingly enough, the depth 
of penetration is not dependent upon the jet velocity, it must also be 
remembered that this independence holds only as long as the jet velo- 
city is great enough to produce pressures far above the yield strength 
of the target material. Since the jet velocity is directly proportional 
to the velocity of detonation, it follows that only those exnlosives 
which possess a sufficiently high rate of detonation, with the exception 
of aluminized explosives, are applicable for use in shaped charges. 

Tests were conducted by G. B. Clark (7) in the summer of 1946 
with three kinds of explosives to determine the approximate relationship 
between velocity of detonation (which he assumed to be roughly propor- 
tional to the explosive strength) and penetration effect, While only a 
few shots were fired with rather widely scattered results (Table I), 
it was indicated that the relationship is approximately linear, although 
for a given increase in velocity of detonation, say, doubling it, the 
penetration is not doubled, but is increased by some factor that is less 
than one times the velocity of detonation. Clark stated that more complete 
tests may show that the curve of penetration vs. velocity of detonation is 
an exponential one. 

The meferred explosive is one of high density and high brisance 
which will reach its maximum velocity very rapidly, such as is found in 


pressed or cast solid organic nitrates or nitrocompounds, or high density 
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blends of more than one such compound. 


Shot Number of Depth of Diameter of 
Noe Plates Hole, In. Hole, In. 





45% Gelamite; Velocity of Det., 8,500 Ft. per Second 





1 Sg 2-1/2 1-1/4 
2 5 11/4 1-1/4 
3 5 1-1/4 1-1/4 


AVe 6-1/8 





60% Ne Ge Dynamite; Velocity of Det., 19,000 FPS 








1 5+ 1~3/8 2 

2 lls 2~7/8 2 

3 8+ 2-1/8 1-7/8 
AY. 8 





100% Oilwell Explosive; Velocity of Det., 26,000 FPS 





1 10 2-1/2 2 

2 dud 

3 16+ 4+ 1-1/2 

4 15=1/2 3-7/8 La3/4 

5 9+ 2-3/8 1953/4 
AW. 12.8 





TABLE I «- Penetration of three kinds of explosives in 
steel plates using two-inch hemispherical charges with 
cast aluminum cases, aluminum-alloy liners, and three- 
inch standoff. (7) 

No one explosive can be said to be the best for all applications. 
Compressed pentaerythritol tetranitrate (TEIN) is a suitable material, 
or compressed or cast blends of this compound with trinitrotoluene, 
for example, in 50/50 mixtures (Pentolite). Likewise, trimethylene 
trinitramine (Cyclonite) is a suitable explosive, as are ite high den- 
sity mixtures with TNT. 


Those rated among the best by the U. S. Navy are the castabdle 
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explosives, Composition B, Pentolite, and PTX = 2. Yor extemporized 
field charges, the plastic explosive, Composition C-3, gives good re- 
sults. 

Various other detonatine explosives, however, are well adapted 
for use. High strength commercial dynamites may also be used, but are 
less adapted in many ways than the solid organic explosives. 

The following factors, when present, will definitely influence 
the final choice of explosive: 

(1) YForce of setback, if the charge is to be employed 

in a launched missile. 

(2) Operating temperature. 

In industrial applications, cost of the explosive is generally 
an important item. 

The following tabulation showing various types of explosives em- 
ployed by various nations in shaped charge waapons may be of interest 
to personnel engaged in their design. It should be understood that 
this list is by no means complete, and that it represents only those 
explosives which have come to the attertion of the author during the 
course of this study. The order of listing of explosives has no 
significance. 

PROIT.CTILES 
UNITED STATES 
(a) 50/50 Pentolite 
GERMANY 
(a) TNT 
(ob) Cyclonite/Wex/TNT 


(c) Cyelonite/Wax (95/5) pressed in blocks wrapped in waxed 
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(a) Cyelonite/iiax (60/40) pressed in blocks wrapped in 
waxed paper 
JAPAN 
(a) Cast mixture of 60% TNT and 40% Cyclonite wrapped 
in varnished paper 
ITALY 
(a) TNT 
{b) 58% Cyclonite, 40.5% TNT, 1.5% Wax 
(c) Tritolite (50% TNT/ 50% Cyclonite) 
ROCKETS 
UNITED STATES 
(a) 50/50 Pertolite 
GERMANY 
(a) Cyelotol 
GRENADES 
UNITED STATES 
(a) 50/50 Pentolite 
GERMANY 
(a) Cast TNT 
(b) Dinitroaniline with TNT 
(c) Cyclonite/Wwax 
(d) Cyclonite/INT (60/40) Blocks wrapped in waxed 
paper, wrapping cemented to interior wall of casing 
JAPAN 
{a) 50/50 Pentolite, wrapped in waxed paper 


(b) RDX/INT (50/50) 
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BOMBS 
GERMANY 
(a) 
(b) 
(c) 
JAPAN 
(a) 
(b) 
ITALY 
(a) 
GERMANY 
(a) 
(b) 
JAPAN 
(a) 


Amatol, 50/50 or 60/40 
INT 


TNT/RDX (46/54) 


RDX/INT (50/50) = (TANOYAKU) 


70% TNT/ 30% SND 


RDX/TNT/Wax (60/38/2) 


INT 


RDX/INT 


Crude TNT 


DEMOLITION CHARGES 


UNITED STATES 


(a) 
(b) 
(c) 
BRITAIN 
(a) 


50/50 Pentolite 
62/18 Comp. B/50-50 Pentolite (booster) 
94/6 * r ¥ 


PETN/TNT (25/75) 


HEIGHT AND WIDTH OF EXPLOSIVE 


The effect of charge height on performance has been investigated 


by Lewis and Clark. (25) ‘The most effective haight of charge above the 
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apex appears to be a little over two charge diameters for 45° 

cones. Increasing the heicht of charge beyond 2 to 3 diameters 

has little effect on the penetration. Expressed in a different man- 

ner, the length of the explosive charge from the lowest point where 

the explosive contacts the liner to the point of initiation should 

be as great as poseaible up to a maximum of 3 or 4 charge diameters, 
With regard to explosive width, optimum performance is ob- 

tained when the diameter of the explosive is equal to or only slightly 

greater than the diameter of the liner. (62) Increasing the explo- 

sive diameter beyond the diameter of the liner actually tends to de~ 


crease performance in some cases. 
CONFINEMENT OF EXPLOSIVE 


Tests have been conducted by G. B. Clark (7) to determine the 
effect of confinement of the explosive (other than that offered by 
the liner). Eight shots were fired on granodiorite using conical 
charges of 100% blasting gelatin with 60° cast iron cones, 5 inches 
in diameter. The cases were made of molybdenum steel and their 
thickness was increased successively from 1/4 inch to 3 inches. The 


results are shown in Table II. 
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Thicke Hole Total Diam-~ 
Shot ness of Spall, Depth, Depth, eter of 
NOe Case, Ine Ine in. Hole, 
in ° In e 

1 1/4 3-1/2 4 7-1/2 1 
2 1/4 2 3 5 1 
3 1/2 3 4 ? 1-1/2 
4 1/2 2 ¢ 9 1-1/2 
5 1 2 8 10 2 
6 2 i. 8 & 3 
7 2 2 8 10 s 
8 3 2 7 10 3 





TABLE II -~ Effect of confinement of cmrge in cast-steel 

cases on penetration in solid granodiorite. (3-in., 60° cast- 
fron cones; 100% blasting gelatin). (7) 

The increase in hole diameter and volume is significant and 
Can be attributed directly to the effect of confinement, The increase 
in penetration was appreciable, though perhaps not as great as expected. 
There was approximately a 60% increase in penetration in going from a 
1/4-in. case to a Sein. case. The accompanying increase in cost and 
weight of the case, however, would hardly be justifiable. I+ is in- 
teresting to note that the increase in penetration between a 1/4=in. 
and 1/2-in. case is approximately 28% which is more in the practi- 
cable range. 

In the case of military weapons, degree of confinement is often 
determined by other factors, particularly in projectiles where ballistic 
factors must be taken into consideration. 

Clark has suggested that the mechanics of the confinement ef- 
fect are probably threefold: 

"(1) The action of rebounding gas molecules from the 


inside surface of the case has an effect on more canplete 
and perfect detonation of the explosive, and ensuring propa- 
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gation of the high velocity of detonation of 100% blasting 
gelatin; 


"(2) much more of the force of the explosion itself 
is directed toward the point of least resistance, the 
cavity end of the charge. This has a result of 


"(3) more of the explosive force being directed against 
the cavity liner itself to give a stronger jet." 


ROTATION 


It has been found that if a shaped charge is rotated at a high 
rate of spin, say 10,000 r.pem., such as is obtained with artillery 
projectiles, the effect of penetration is greatly reduced. A static 
penetration figure of 3 to 4 calibers is reduced in shaped charge, 
armor=piercing projectiles to 1-1/2 to 2 calibers for this resson. 

As the rate of projectile spin is increased from 0 to about 
12,000 r.pem., penetration by a conical, lined charge decreases to 
about 50% of its static value, after which further spin has little 
additional detrimental effect. 

Although hemispherical liners show less degradation due to 
rotation, their penetration is less than that of conical liners. For 
this reason, conical liners are used in most applications where penetre- 


tion is the prime factor. 
METEOD OF INITIATION 


In beehive type charges, optimum performance is obtained when 
the wave front is perfectly syrmetrical with respect to the liner. 
This is obtained when the charge is initiated from a point on its axis 


of syrmetry and on the side farthest away from the base of the charge. 
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In the case of high speed projectiles, rapid initiation is im- 
portant. The use of percussion type nose fuses incorporating a small 
shaped charge which unon impact initiates a booster at the rear cf the 
charge is becoming more widespread as its action is faster than the 
functioning of a base fuse. 

In the case of linear cutting charges, most effective results 


are obtained when the charge is initiated from an end. 


SCALING LAWS (62) 


For maximum performance with conical liners of a given base 
diemeter, optimum liner thickness and optimum stanioff increase with 
increasing angle of liner. 

With conical charges, penetration increases directly as the 
base diameter, This linear scaling law has been found to be so general 
tit it has been used to a great extent. As a result, other quanti- 
tative shaped charge data are usually given as percentages of this 


diameter. 
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CHAPTER V 


MILITARY APPLICATIONS 





The shaped charge as a military weapon saw its advent in World 
War II during which it rapidly grew to maturity. The Mmroe effect 
was for some time the secret within many secret weapons and it achieved 
spectacular results in anti-tank defense and in th destruction of 
pillboxes and similar heavy mncrete fortifications. 

The true lethal effect of a shaped charge weapon can hardly be 
gauged by the size of the hole it puncles ina target. Rather is 
the damage caused by: 

(1) the spray of hot, high speed metal fragments from the jet 
and those spalled from the back of the target which rico- 
chet throughout a target interior, 

(2) the jet penetrating and detonating munitions, 

(3) the jet or hot fragments setting fire to combustibles, 

(4) the hot gases, blast effect, and flying debris tending 
to make life unendurable for the occupants. 

In addition, the charge container explodes into lethal fragments 
on the outside of the target; however, any damage resulting from these 
must be considered of a purely secondary nature. 

With the relaxation of security restrictions many of th milie 
tary uses of shaped charges have been widely publicized in such well 
known magazines as Popular Science, Life, and The Illustrated London 
News, and in various trade journals and newspapers. 


During World War II, the development of shaped charges in this 


UNCLASSIFIED U RESTRICTED: ; - 








NRES TRICTED . UJis wie te QE Tike 


- 68 - 


country was carried on under the cognizance of the Joint Army-Navy 
NoDeR.Ce Shaped Charge Committee. This work is currently being con- 
tinued under the auspices of the Department of Defense. 

One of the most important features of the shaped charge from 
the military standpoint is that the penetrating effect is independent 
of the speed with which the weapon arrives at the target. Statically- 
fired charges as a matter of fact, are usually more effective tmn 
those moving at high speeds. This has been particularly useful fram 
the standpoint of hand-placed charges and also of rocket projectiles 
which, because of their relatively slow speeds, could not be expected 
to penetrate heavy fortifications if mnventional armor-piercing 
heads were employed. 

The shaped charge has permitted the foot soldier to rise to new 
stature for he is now able to match the devastating effect of light 
and heavy artillery by means of weapons which he can carry in his hands 
or on his back. 

This chapter will present a general description, including 
limited design details, of typical shaped charge munitions, both for- 
eign and domestic, many of which saw service during World War II. In 
view of the fact that many of our own shaped charge weapons and cur- 
rent developments in this field are generally of a confidential nature, 
they are of necessity omitted from this work. 

The foreign munitions described are largely those of the defeated 
Axis powers, information concerning which was largely obtained from cap- 
tured weapons and by our occupational teams after the cessation of hos- 
tilities. 
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PROJECTILES 


Prior to the use of the shaped charge principle in projectile 
construction, increased penetration using conventional ‘P projec- 
tiles was obtained largely by increasing th: striking velocity. This 
led to the development of high-velocity guns, in which field the 
Germans made tremendous strides with Sabot-type projectiles and so- 
called "squeezebores.* These of course, are still important from the 
standpoint of obtaining high muzzle velocities for increased ranges 
and shorter times of flight. 

Shaped charge projectiles have the advantage of giving good 
armor piercing characteristics to low velocity projectiles. For ex-= 
ample, the U. S. 75-mm Anti-tank Shell M66, when fired from the 75-am 
howitzer with a muzzle velocity of 1000 feet per second will penetrate 
56 inches of armor. Since the penetration is independent of striking 
velocity, this penetration is applicable at any range up to the limit 
of the howitzer, 

By comparison, a standard AP shell fired from a 75-rm gun with 
& muzzle velocity of 2030 feet per secom will penetrate 5.1 inches 
of homogeneous plate at 1000 yards. This penetration will fall off 
at increased ranges as a result of decreased velocity of the shell due 
to air resistance. 

It should be borne in mind, however, that if the AP projectile 
is able to pass through a target before detonating, the lethal effect 
may be much greater than in the case of a shaped charge projectile which 
detonates on the outside and only the jet penetrates the target. 


High rotational speeds such as are experienced by projectiles 
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fired from most rifled weapons cause a decided reduction in the pene~ 
trating power of shaped charges. For exemple, proving ground tosts 
show that when a U. S. 105=mm shell is fired with a muzzle velocity 

of 1250 feet per second it will penetrate 4.7 inches of armor. ‘hen 
detonated statically, however, it will penetrate 8 to 10 inches of the 
same armor. (62) By comparison, the performance figures for the 100-mm 
German H1/C Hollow Charge Projectile against homogeneous armor are; 
static - 155 mm (6.1 inches), dynamic - 1lO00-nm (3.94 in.). (58) Over- 
coming the loss efficiency at high rotationa]. speeds presents one of 
the main problems in the future of shaped charge development. 

Although hemispherical liners show less degradation due to rota- 
tion, their penetration is less than tht of conical liners, and hence 
practically all U. S. projectiles have conical liners. This of course 
is influenced by the desired result. The Germans on th other hand 
have made wider use of hemispherical charges in the past. 

It is also interesting to note that practically without excep- 
tion, German artillery projectiles and some other foreign makes are 
fuzed with impact nose fuzes. In addition a long central flash tube 
generally extends part or all of the way from the gaine (booster) 
which is located at the base of the shell to the nose fuze. This 
causes the detonating force of the nose fuze to be directed toward the 
base of the shell where the gaine subsequently initiates the main 
charge at the proper position for jet action. 

In the United States, however, base detonating fuzes were used 
in the past with but one exception, this being in the 5%=mn HEAT Shell, 
M307. This particular shell in 1947 was unique for two reasons. First, 


it was the only standardized shell in this country that contained a 


wo. recepory UAESURIOTED 
ULL abe ' . 








no Uw. wirikeD 
JRECERICIED. .. * - Wis 


hemispherical liner, and second, it was the only shaped charge shell 
to employ an instantaneous nose fuze. This fuze (M90) causes a small 
shaped charge jet to be shot down the central tube initiating the main 
booster charge. The hemispherical liner was used because it was be- 
lieved to be less affected by rotation than a conical. liner and also 
because the apex of the conical liner would he too close to the point 
of detonation in this smell shell. 

Shaped charge projectiles have been adapted to almost every 
conceivable weapon by foreign powers, the Germans having undoubtedly 
outsurpassed all others in this field. Shaped charge shells were 
designed by Germany during World War II for such pieces as tenk cannon, 
anti-tank guns, assault guns, mountain guns, field guns, recoilless 
guns for airborne troops, infantry guns, howitzers, etc. 

Germany elso designed 75-mm shaped charge projectiles for Bel- 
gian, Jugoslav, French, and Dutch guns and a shell for the 76.2-mm 
Russien howitzer. 

The Italians were also found to have equipped a large range of 
artillery weapons with hollow-charge ermunition, Of the types that 
have been recovered, all show a similarity of design in that they ap- 
pear to be converted H.. shells. 

Typical shaped charge projectiles are shown in Figures 23, 24, 


25 ’ and °6, 
ROCKETS 


One type of shaped charge rocket used by the United States is 
the 2.36-inch high explosive anti-tank rocket. It is the armunition 


for the famous "Bazooka" developed by the Army Ordnance Departient. 
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Fige 23, —Shell, HE, AT, 75-mm, M66. (62) 
(United States) 
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Fig. 24. —Shell, HE, AT, 57-mm, M307. (62) 
(United States) 
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Fig e 26 e Hollow Chorge Projectile for Tank Gun, 
75-mm, 7.5-cm Gr. Potr. 38 KwK.(H.t.) (58) 
Fig. 25. Type 2 7-cm (German ) 
Hollow-Charge Projectile. (60) 
(Japanese) 
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Originally designed as a grenade for the caliber .50 machim gun, it 
was lator fitted with a rocket motor and first saw service in the 
North African campaign where it won quick approval. 

The earlier desiens of this rocket have been constantly improved 
and a late model, the N6A5, is shown in Fig. 27. 

Proving ground tests show that when fired at a velocity of 275 
feet per second, this rocket can consistently penetrate 4-1/2 to 5 
inches of armor plate with a 30° angle of impact. This is equivalent 
to a perpendicular penetration of 5-1/2 to 5-3/4 inches. Static tests 
of this rocket using a standoff of 1-1/2 inehes give a penetration of 
6 to 7 inches of armor plate. By comparison, the U. S. 75=mm (2.95 in.) 
anti-tank shaped charge projectile, M66, which was described earlier, 
when fired from a howitzer with a muzzle velocity of 1000 feet per secon 
will penetrate only 3.6 inches of armor. The M66 has a 42° mild steel 
cone and has a 1 pound explosive charge of 50/50 pentolite. The 2.36- 
inch rocket is equipped with a 42° copper cone and is loaded with only 
1/2 pound of the same explosive, These results are at first rather 
surprising and further emphasize the detrimentsl effect of hieh rota- 
tional velocities on shaped charge action. 

During the early stages of the Korean Yar, it was discovered 
that the 2.36-inch bazooka was unable to cope with the thick armor 
plate of the Russian-made tanks. As a result, a heavier version of 
this weapon, the 3.5-inch anti-tank rocket was pushed into production 
and proved equal to the situation. Simultaneously, a 6.50-inch anti- 
tank aircraft rocket was rushed into menufacture and it proved to be a 
devastating tank killer. It is interesting to note that the time from 


its inception until the first complete round was manufactured was only 
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Pig. 29. —Rocket. HEsAT, 2.36-inch, M6AS. (62 
(United States) 
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two weeks, It should be emphasized that angle of impact is not as 
critical with shaped charge weapons as it is with AP shells, which 
factor is extremely important in anti-tank warfare. 

On the foreign scene, the Germans had developed an 8,8<cm, 
(3.5-in.) H.&. hollow charge anti-tank rocket as show in Fig. 28. 
This weapon was fin stabilized and was fired from a mobile antietank 
rocket launcher. It was equipped with a pear-shaped liner and an in- 
stantaneous nose percussion fwe. The charge consisted of 1.45 pounds 
of Cyclotol. No performance data is available for this weapon. 

Another rocket weapon developed by the Germans was the Taust- 
patrone Hollow Charge Grenade. (57) This weapon was rather unique 
in that it was launched from a simple 31-1/2 in, metal tube which wes 
then discarded. The tube contained a propellant clhirge in a waxed 
cardboard container which was held in position by a set screw, The 
projector was equipped with a sight which was adjustable for the re=- 
latively short 33-yard range of the rocket. During firing, the tube 
was held under the right arm, the left arm supporting the forward pert. 
On discharge, a sheet of flame up to 6 feet long came from the rear 
end of the tube. The grenade weighed 6.62 lbs., had a bursting charge 


of 3.4 lbs., and was equipped with 4 folding tail fins and a base fuze. 


GRENADES 


HAND GR“NADES 

The value of shaped charge hand grenades is a questionable issue, 
It appears that the few which have been designed were planned to be used 
primerily as anti-tank weapons. Some grenades of this type are desicned 


to go off on impact. Others are equipped with delay elements and with 
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some means of fastening thea to a target. 

It should be realized that should 4 grenade of the latter type 
miss its mark and fall to the ground, there exists a good possibility 
that the base of the shaped charge may end up facing the thrower. 

Upon detonation, the jet will have a much greater lethal range than 
an ordinary grenade. 

Fig. 29 shows a Japanese anti-tank hand grenade which was rade 
in two sizes of weights 1.85 and 2.75 pounds. The snaller grenade 
had an aluminum conical liner; the other had a liner of steel. Tied 
around the top of the grenades was a 14-inch tail of hemp to provide 
stability in flight and to mke the weapon strike base first. The 
fuze was designed to function on impact. 

The Germans had several shaped charge hand grenades. Fig. W 
shows a 2.2 pound grenade designed for anti-tank use. This grenade 
was fitted with ae folding canvas fins which flew out when thrown 
giving the grenade stability. The liner was of odd design, being 
partially conical and partially hemispherical. Detomition occurred 
on impact. 

Fig. 31 shows a German magnetic anti-tank hand grensde. It ws 
a reletively heavy weapon, weighing 7 pounds 11 ounces and was fitted 
with three yairs of magnets which were sufficiently powerful to cause 
it to adhere to a vertical surface. This grenade was equipped wi th 
two delay-type igniters of 4-1/2 and 7 seconds, and is reported to have 
penetrated as much as 4.33 inches, The cone angle was 60°, It is 
doubtful that this grenade was intended to be thrown very far, if at 
all. Another sinilar weapon was called the Panzerhandmine 5 which is 


discussed in this work in the section on Mines. 


UNCLASSIFIED ‘RESTRICTED 





te ie a ae eee a | f 
RESTRIGTED - - ” 


| SAFETY ~ \Vimwie 
\ 


oaa|'-——____— CAP 
PIN La! | 





STRIKER 



















1 





me FLASH CAP 
UPPER FUZE BODY 
— SAFETY PIN DE TONATOR PRIMER 
STRIKER 


CREEP SPRING 
LOWER FUZE BOOY 
LEad aZlo€ 


FUZE 





SCRER CLOTH FINS; 
PRIMER 


ADAPTER RING 
CYCLONITE 


PICRIC RINGS 
FUZE 
SPRING 
STEEL 
EXPLOSIVE CNARGE R18 


MAIN CHARGE 





CONE 
CLOTN BAG 
WOOOEN 6aSE 
" ; . N ; : - 
Fig. 29, —Type 3 Conical Antitank Hand Grenade. (59) Fig. 30. —Panzerwurtmine Hallow Charge Hand 
Japanese ) Grenade (57 ) 
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The Germans had still a third type of shaped charge grenade 
Called the "sticky type." The base of this grenade had a flat sticky 
pad which was covered during transit with a presseon lid. No in- 
formation is available as to whether this grenade was thrown or placed 
against the target. It is possible that it could be lobbed for short 
distances, althouch this would have been very difficult as it had no 
means for stabilization. 

RIFLE AND PISTOL GRENADES 

The anti~tank rifle grenade, M9, has the distinction of being the 
first shaped charge weapon to be placed in service by United States forces. 
An improved model, the M9A1, is shown in Fig. 32. This weapon has a 
range of 565 yards with the standard grenade cartridge, and greater 
ranges with an auxiliary cartridge. A grenade launcher must be attached 
to the rifle before use of the grenade. 

The M9Al has a 1/4-lb. charge of 50/50 Pentolite and is equipped 
with a 44° conical mild steel liner. 

Firing tests have show that the M9Al will penetrate 3-]/2-inch 
armor plate 80% of the time at an angle of 23°, with average entrance 
and exit hole diameters of 0,65 and 0.18 inches respectively. 

The Japanese had at least two sizes of shaped charge rifle 
grenades. The larger was a 40-mm grenade having a total weight of 
12.45 ounces and a charge of 3.81 ounces of 50/50 RDX and TNT. This 
weapon had a conical liner and base detonating fuse, and was a copy 
of the German Gross Gewehr Panzergranate, It was fired from a cup 
launcher attached to the standard 6.5-mm rifle, th propelling charge 


consisting of a special cartridge with a wooden bullet. 
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The other size was a 30-rm grenade which was similar to the one 
just described, except that it had a total weight of 8.75 ounces and 
a charge weighing 1.75 ounces, 

Germany had several sizes am types of anti-tank, shaped charge, 
rifle grenades ranging from 8.8 ounces to 15-1/2 ounces. All had conical 
liners except one which had a hemispherical liner. The grenade stems 
had a prerifled section to correspond with the rifling of the discharger 
cup. Detonation was initiated by base detonating fuzes. Little in- 
formation is available as to the ranges of these weapons. An &.8- 
ounce grenade had a range of 50 yards while the 13-1/2-ounce weapon 
shown in Fig. 35 had a range of 100 yards. 

A somewhat different type of hollow charge rifle grenade pos- 
sessed by the Germans was the 37-nm H.F. anti-tank stick erenade, 
also called a rodded bomb for the 3.7 om (1.45 in. )P.A.K. 41 gun. This 
was a heavy erenade weighing 18-3/4 lbs. and having a bursting charge 
of 5.3 lbs. of 60/40 Cyclonite/INT. See Fig. 34. This grenade had a 
steel rod which fitted into the gm bore, and a concentric perforated 
Sleeve which fitted around the barrel. Six fins provided stability in 
flight. This weapon was fitted with both nose and base fuzes. 

The Germans also had a hollow charge pistol grenade weighing 


1.5 lbs, designed for firing from the Walther 2%-mm signal pistol. 


BOMBS 


Germany, Italy and Japan developed a limited number of shaped 
charge bombs during World War II though little information is available 


as to their use. 
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Fig. 32. —Rifle Grenade, AT, M9A1.(62 ) 
(United States) 
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Fig. 34 5—Rodded Bomb for A.T. Gun 41,37-mm, 
3.7-cm Pak. 41 (58) 


(Germen ) 


pre TEP CRESS TRICTED 








a ori Fy 


RESTRICTED } - ive te oe i b bow ot 


- 81 = 


The Japanese developed small cluster bombs of 1/3-Kg and 1-Kg 
size. Captured documents describe the use of the former in air-to-air 
bombing in clusters of 30 or 76 per container. See Fig. 55. The 
later were carried in clusters of 40. 

The Italians had designs completed for 3.5, 5, 25, 50 and 100-Kg 
hollow charge banbs although the 3.5«Kg was the only bomb of this type 
known to be used or manufactured by them. See Fig. 36. <All of these 
bambs were similar in appearance, except the 25-%e¢ which differed slightly. 

Germany had several types of shaped charge bombs as shown in 
Figs. 37 and 38, The SD 4—Kg HL Hollow Charge Bomb was designed as an 
antiepersonnel and vehicle bomb. It employed a rather unique method of 
initiation. On impact, the 266 nose fuse induced an electric current 
which passed via electric leads to the detonator in the base of the 
bomb where a squib was fired, setting cff the gaine (booster) and the chrge. 

Details of the SD and HL type bombs were obtained from documene 
tary evidence only. 

The German 250 H.L. could penetrate 13.8 inches of armor plate. 
The 500 H.L. could penetrate 2 feet of armor plate or 11-1/2 feet of 
conorete. Performance figures for an 800 H.l. bomb are not evailable 
but it appears that with an H.E. charge of 110 Fe, it was hoped to 
penetrate 3.5 feet of armor or 19.7 feet of reinforced concrete. 

The special nose device for use with SD 250 bombs consisted of 
a hollow charge which was to be attached to a bomb of standard type. 
This charge, which weighed about 4 Kg was detonated by its own fuse 
located in the nose of the device, In order that the detonation of the 
hollow charge would not damage the bomb, the space between the charge 
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and the bomb was filled with a mixture of sawdust and cement. This 
special nose device for the SD 250 obtained greater penetrating power 
from low altitudes, the bomb following through the hole made by the 
nose piecs, The bomb had a short delay fuze so that detomtion would 


occur inside the terget. 
MINES 


Nothing has been found in the literature regarding the appli- 
eation of the shaped charge principle to the more fomiliar types of 
mines such as sea mines, and land mines of the anti-tank, anti-vehicle, 
and anti-personnel types, 

Two shaped charge weapons sre included in this section princi-e 
pally because they are designated as mines in their nomenclature. 

The first is the Japanese Lunge Mine which has been rather widely 
publicized in the open literature. As shown in Tig. 39, this weapon 
consisted of a conical charge attached to a long pole. It was designed 
for use against tanks; a charge of 6.6 lbs. of crude TNT made it cap- 
able of penetrating 6 inches of steel, Three metal legs 6 inches long 
and welded to the base of the charge container guaranteed the proper 
standoff. 

This was strictly a suicide weapon. In practice, the operator 
pulled out the safety pin, then lunged at the tank in bayonet style. 
When the legs of the mine struck the target, the handle was driven for- 
ward breaking the shear wire, and the striker was driven into the deton- 
ator initiating the explosion. 


Another mine-type weapon was the German magnetic anti-tank charge 
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(Panzerhandmine 3) shown in Fig. 40. This was an 8=-lb. assault weapon 
designed to be vlaced on enemy tanks or similar targets, to which it 
could adhere by means of magnets or spikes. The 2-1/3 lb. explosive 
charge was of TNT or RDX/INT. The container was of paperboard and the 
iron keeper ring containing the spikes was reversible. The charge was 


fired with a 7-1/2-second friction igniter. 
DEMOLITION CHARGES 


Two very familiar beehive-type shaped charges which were de- 
signed for the penetration of armor and reinforced concrete are the 
U. Se Corps of Engineers 15-1b. M2A5 and the 40-lb. WS shown in Figs. 
41 and 42 respectively. These charges gave excellent results during 
World War II in punching bore-holes in masonry, concrete, or brickwork, 
and in the destruction of reinforced concrete pillboxes. 

In bridge demolition, bore-holes may be quickly made in piers 
or abutments using shaped charges. These holes are then packed with a 
secondary explosive and on detonation will cause complete disruption 
and collapse of the structure. 

The use of drilling machinery for making shot holes for blasting 
such as is frequently required during hasty withdrewals is usually im- 
practical. The shaped charge, however, provides a satisfactory and 
rapid means of drilling these bore-holes. In order that the resulting 
hole may be filled with a secondary explosive material, it is essential 
that the hole not contain a hot metal slug, which is usually the case 
when a metal is used as the liner material. The M2A5 employs a high 


density glass cone primarily for this purpose. It forms an easily- 
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pulverized slug which can be raked from the jet hole leaving the hole 
relatively cool and safe for inserting secondary explosives. ‘The 
glass cone has a further advantage of producing a hole with a ereater 
volume (although slightly less depth) than a similar steel cone. 

The M2A3S will penetrate armor plate to a depth of 12 inches, 
with ea hole diameter tapering from approximately 3-1/2 inches to 2 inchs. 
It will also penetrate reinforced concrete to a depth of 32 inches with 
hole diameter tapering from about 3-1/2 inches to 2 incles. The charge 
causes a smell anount of cratering at the surface and considerable spale 
ling at the back side. Against thicker targets, complete penetration 
can generally be obtained by firing successive charges over the same hole. 

Because of a scarcity of Composition B when this charge was 
developed, 50/50 Pentolite was standardized as the filler. Charges manu- 
factured toward the end of the war, however, contained the more powerful 
and cheaper Composition B. 

Although this charge contains no metal parts (with the exception 
of the closing cap and detonator well), the case being of molded fiber, 
it is recommended that personnel be under cover and at least 100 yards 
away on detonation, 

The 40-lb, 3 charge, unlike the W2AS, has a sheet steel container 
end e mild steel cone. It was designed to perforate a 5-ft. thick, re- 
inforeed concrete pillbox. Tests show that it will penetrate reinforced 
concrete to a depth of 55 inches with hole diameter tapering from approxi- 
mately 5 inches to 1-3/4 inches. In concrete, the hole produced permits 
insertion of a Bangalore Torpedo for further demolition. 


Like the W2AS charge, the M3 may be found with two types of loading. 
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In using this charge, all personnel should be under cover and at least 
100 yards away at time of detonation. 

The above charges need not be clamped tightly against the sur- 
face to be punctured. If a hole is desired in a vertical wall, the 
charge can be propped against the wall with a forked stick or suspended 
from a wire like a picture frame. 

The British also had two well-known demolition charges, the Bee-~ 
hive and the General Wade. (49, 55) The Beehive was similar to the 
U. S. charges described above. It was manufactured in two sizes, the 
Ml having a 6-1/2 1b. charge and a larger 50=Lb. weapon having a 30=1b. 
explosive charge. (14) Both cherges consieted of 25/75 (PETN/TNT). 

Am 80° metal cone was used. The General Wade was a general purpose 
shaped charge having a 26-lb. filler of Pentolite. It was built arowmd 
a metal semi-cylinder. 

The Rritish also had another demolition charge called the "Hayrick" 
or "Stook." (49, 55) This charge was produced primarily for bridge 
demolition. The Hayrick is a linear, wedge-shaped charge with cuts along 
a line. 

The U. S. Navy Bureau of Ordnance developed the Demolition Charge 
Wark 22 Nod 0 for quick scuttling of explosive-filled, drone boats by 
cutting a 10-in. by 20-in. hole through the 1/8-in. bottom plate. ‘The 
charge is shown in Fig. 44. A watertight standoff sleeve allows the 
charge to function under water. It may be used for cutting through mild 
steel plate up to 1/2-in. thick. The container is furnished empty, beim 
loaded with 1-1/4 lbs. of plastic explosive prior to use. 

A Cable and Chain Cutter Mark 1 Mod 1 was developed by the U. S. 
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Navy Bureau of Ordnance for use by underwater demolition teams, 

though its use is by no means limited to work of this type. The charge 
was designed to cut cable, chain, or similar material which might be 
employed as obstacles to landing craft. This horseshoe-shaved container 
employs an 80°, V-shaped, mild steel liner and is filled with 2 lbs. 

of plastic explosive prior to use. The cutter is provided with a 
spring-loaded clamping arm which locks it in place on the object being 
attacked, 

The charge is capable of cutting 2=in. steel cable, 1~1/2-in. 
steel enchor chain, or other material which will fit between the 
horseshoe jaws. Needless to say, the cutter is destroyed during deton- 
ation, and if used out of water, personnel should be under cover to 


avoid flying fragments. 
ORDNANCE DISPOSAL CHARGES 


Several types of shaped charges have been developed by the 
U. 3S. Nevy Bureau of Ordnance for the disposal of explosive-filled 
ordnance. These, in general, consist of either small, beehive-tyre 
charges for initiating "low-order" detonations, or of linear and curvi- 
linear charges for sectioning explosive-filled ordnance. 

Figs. 45 and 46 show the use of the Cavity Charge }k2 Mod 0 
for opening U. S. and German bombs by the initiation of low-order deton- 
ations. The shaped charge is shown to the right of the bomb in Fie. 
45(a), and on top of the bomb in Fig. 46(a). 

Cavity charges employed for such work use a small charge of 
plastic explosive (such as Composition C-3), the explosive being loaded 


just prior to use. Relatively large standoffs are used, and in ettacks 
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Fig. 41.—Shaped Charge, 15-Ib.. M2A3.(62) 
(United States) 
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Fig. 42 .—Shaped Charge, 40-lb., M3. (62) 
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Steel Cable and 1'/2-inch Steel Anchor Chain Cut by Demolition af Cutter. (62) 
(United States) 





Demolition Charge Mark 22 Mod 0. 





Demolitian Charge Mark 22 Mod 0 
Placed an ‘s-inch Steel Plate Supported on 
Surface of Water. 





Fig. 44, ‘-inch Steel Plate Showing Recton- 
gulor Hale Cut by Demolition Charge Mork 22 
Mod 0. (62) 


(United States) 
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on bombs and projectiles, approximately 80% may be expected to result 
in low-order detonations., Cavity charges have also been applied to 
th: disposal of buried ordnsnce, 

Linear and curvilinear charges mve been used successfully for 
the openings of thick and thin-cased explosive-filled ordnance, Under 
optimum conditions, linear cavity charges can be expected to penetrate 
to a depth equal to 80% of the width of the cavity lining in mild 
stesl targets massive enough to withstand the attack, end to a depth 
equal to one charge width in mild steel targets where the depth of the 
targot is no greater than the charge width. 

The successful sectioning of thin-cased ordnance depends upon 
cutting completely through the ordnance case and to a sufficient depth 
into the explosive filling to obtain sufficient shearing action to 
separate the explosive. 

Linear cavity charges with V-shaped linings of 120° apex amle 
have been preferred for sectioning thin-cased explosive-filled ordnance. 
Yhis is due to ease in manufacture over charges with an 80° liner. 
Charges of the former type have been used for sectioning steel cases 
varying in thickness from 0.06 inches to 0.50 inches. Cavity charges 
with 80° liners have been used for sectioning cases thicker than 0.30 
inchea, where the necessarily lerger charge increases the ease of manue- 
facture and filling. 

Fig. 49 shows a German G type mine before and efter sectioning 
by a curvilinear cavity charge. Curvilinear cmrges for such purposes 
ean be rolled from thick sheet brass. 

Fig, 48 showe a German G.P. bomb before and after sectioning by 


a linked linear cavity charge. When linked linear charges are applied 
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to cutting on curved surfaces, gaps will necessarily appear between 
the explosive filling of individual links. Best results are obtained 
when these gaps are filled with plastic explosive. The links used 
are generally 3 or 6 inches in length and are joined together by means 
of wires soldered at the base of the links. 

In order to assist mine and bombedisposal personnel in the 
preparation and use of linear cavity charges, the Jinear Cavity Charge 
Calculator, shown in Fig. 47, was developed from information derived 
in a fundamental investigation of linear cavity chrges of plastic 
explosive conducted by the Ordnance Investigation Laboratory. 

The face of the calculator contains five different scales for 
cavity linings of both 80° and 120° apex angles, as follows: 

S = Standoff distance, 

Ww (black) = Width of charge, 

W (red) = Desired depth of cut into mssive targets. 

H = Height of plastic (Composition C-3) used in charge. 
Tf « Thickness of mild steel required for cavity lining. 

The back of the calculator includes instructions for its use, 
penetration equivalents for cavity charges in various target materials, 
@ rule in inches, and a table of decimal equivalents. 

The use of the calculator is illustrated by the following 
example: (62) 

PROBLEM 

It is desired to make a cut 0,8-inch deep in a mild stecl 
plate 1-1/2-inches deep, using the mimimum quantity of plas- 
tic explosive. 

SOLUTION 

Since linear cavity charges of plastic explosive fitted 
with cavity lining of 80° apex angle are efficient cutting 


charges and the target plate is massive enough to withstand 
the attack without spalling, the hairline is set to 0.8 on 
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the red W scale for the 80° angle. The required charge 
specifications are then read from the rule as follows: 


Charge WTO. » 6s an id bOEs 2 ORO 1 in. (black W scale) 
Keight of exrlocive UT) ares 0 0 ose £8 ory 6 rete 1.2 ins 
Thickness of liner s TTT TT 0.040 in. 
Optimum standoff distance (S) on te tment 0.6 in. 
A linear cavity charge made to these specifications may 

be expected to penetrate toa depth of 0.8 inch into the 

given target plate. 

For additional information on opening explosive-filled ordnance, 


OP 1720 should be consulted. 
MISCELLANEOUS 


CABLE, CUTTER 

A specialized item to be used as an emergency cutter for the towing 
cable in a glider pick-up system has been developed by the Army Ordnance 
Department. (62) It is called the Cable Cutter Ml and is somewhat simi- 
lar to a cable cutting device patented by C. 0. Davis (11) in 1943. In 
practice, the cutter is placed below the airplane in a shielding box 
through which the tow cable passes, The shaped charge container is 
made of fiberboard to reduce missile bazard. The bex stops all frag- 
ments which might damage the plane. With a 0.06 lb. charge of Pento- 


lite, the cutter will easily sever a 3/8" steel tow cable. 


MINE CLEARING SNAKE 

A “twin tube mine clearing snake” for clearing a passageway for 
men and vehicles through a mined area has been patented by Greulich. (16) 
This snake consists of a number of metal sections which may be bolted 
together in the field and pushed into a mined area, These sections 


have a tube along each outer edge containing an explosive material in 
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250-ke. German G.P. Bomb. 
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torn from the case was blown approxiniately 2000 wards. broken up and scattered. 


Fig. 45. —U.5. 500-pound G.P. Bomb AN-M63.(62) Fig. 46, —250-kg. Germon G.P. Bomb. (62) 
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(b) Face View 


Fig. 47. Linear Cavity Charge Calculator. Hairline is set 
for computing specifications for charge required for cutting 0.8 
inch into a l-1/2-inch thick target of mild steel. (62) 
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(a) Vhe charees are dinked teeether Ty meats ob cotter 
pit gomts ineorperated me othe stundat® legs placed tor 
sechouinge of Uae boanh 


(h) Cavity charge as seen from unit compartment or tail 
cndoof the mine Note the standoff provided by wire legs. 





(c) Blasting cap placed in booster of approximately 10 gr. 
of Composition C-3. The blasting cap does not extend 
into the charge proper. 


(bh) Seetioned by othe detonation of the  Tnatked Timer 
Cavity chives. 


Fig. 48, —250-kg. Germon G.P. Bomb. (62) 
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(al) The seetion cut from the mine case has been thrown 
approximately 100 teet. 


Fig. 49.—Germon G Ground-Sea Mine. (62 ) 
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the form of a V-shaped wedge facing outward. It is contended that on 
detonation, the shaped charges produce a maximum sidewlise destructive 
effect and clear a maximum possible width of path through a mine field. 


This is a dubious issue, however. 


ruuus 
The use of the shaped charge rrinciple in nose impact fuzes of 
shaped charge projectiles was illustrated in this chapter in the sec- 
tion on projectiles. The use of percussion type nose fuzes incorpo- 
rating a small shaped charge which upon impact initiates a booster at 
the rear of the charge is becoming more widespread, as its action is 


faster than the functioning of a base fuze, Rapid initiation is ex- 


tremely important in the case of high speed, shaped charge projectiles. 
SULMARY 


1. The shaped charge principle has been incorporated into almost 
all types of military weapons. The major powers made widespread use of 
it during World War II. 

2. Weapons incorporating the shaped charge have found application 
principally in the destruction of pillboxes, bridge demolition, and in 
anti-tank warfare, 

3. A variety of charges of both the beehive and linear types 
have been designed and proven effective for the disposal of explosive- 
filled ordnance, 

4. A ealculator has been prepared to assist mine and bomb dis- 
posal personnel in the preparation and use of linear cavity charges of 


60° and 120° wedge angles. 
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5S. The penetrating power of shaped charge weapons is — 
cally independent of the striking velocity. Statically-fired charges 
are in general more effective then high speed charges. 

6. Shaped charge weapons give the foot soldier the striking 
power of light and heavy artillery. ‘With a 40-lb. charge he can 
blast a hole throveh 5 feet of reinforced concrete. 

7. %In the design of shaped charge weapons, maximum penetra- 
ting efficiency must frequently be compromised by other considerations 
such as ballistic requirements, 

8. High rotational speeds of projectiles cause reductions in 
penetration to as low as 50% of static valves. — 

9. The angle of impact of shaped charges is not as critical 
as it is with armorepiercing shells, making them more effective in 
high-obliquity attack of armored targets. 

10. Conical liners are preferred in most applications where deep 
penetrations are desired, 

ll. The shaped charge principle has also found application in 
cutting cable and chain, in projectile fuzes, and in the rapid severing 


of glider tow lines. 
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CHAPTER VI 
INDUSTRIAL APPLICATIONS 


The publicity siven to the military uses of shaped charges has 
naturally led to wide interest in its industrial possibilities. These 
have been investigated by several explosives manufacturing companies 
voth foreign and domestic, the U. S. Bureau of Mines, several users of 
explosives, and others. 

Use of the shaped cherge is rapidly gaining in popularity, and 
as knowledge of the phenomenon and its rechanics becomes more wide- 
spread, it is believed that additional uses will be envisaged. 

The following discussion deals not only with industrial appli- 
cations which have proven successful, but also with others which ap- 
pear to have practical utility. lany of these have been evaluated. 
Some have proven practical, others impractical, while sa number of 
others although heaving practical utility, appear to be justifiable 
only in limited situations largely because of economy, noise, and 
blast considerations. 

Since the number of applications thus far investigated is rather 
limited, most of them will be presented herein in order to inform the 
reader as to what has been done in this field, and what results have 


been obtained. 
BREAKING BOULDERS 


Of all the industrial applications of shaped charges, perhaps 
none has had as many contradictory views and opinions expressed about 


it as has had the use of shaped charges for breaking boulders. It is 
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therefore doubly interesting to study this problem and to view the 
controversial literature pertaining to it. 

There is a definite requirement in quarries ani in som mines 
for a means of breaking large boulders produced by primary blasting. 
The reduction of boulders to crusher size is termed secondary blasting. 
Some large quarries have as many as hundreds of boulders that must be 
broken by secondary blasting each day and the task is an important 
and expensive one, 

One of two common methods of breaking large boulders is block- 
holing, or as the British call it "pop shooting,” in which a shot 
hole is drilled and charged with a relatively small quantity of ex- 
plosive. In this method the explosive energy is released within the 
boulder, even though the hole may be only a few inches deep. 

The other method is termed plastering or mud-capping in which 
the explosive charge is laid on the surface of tho boulder, after which 
the charge is covered with mud before firing. 

Neither of the above methods incorporates the shaped charge 
principle. 

During the period October 1945 - May 1946, considerable work 
was done at the University of Utah by R. S. Lewis and G. B. Clark 
to determine, among other things, the rock-breaking qualities of 
shaped charges. Types of charges experimented with were cylindrical 
charges having conical cast iron liners, hemispherical, and linear 
cast iron lined charges. These were employed in attacking solid 
eranodiorite. 


In 1946 Lewis and Clark stated that: 
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"The relationship between penetrating power and rock- 
breaking power of Munroe jets has not been definitely es- 
tablished, but it is believed that the relationship is 
approximately linear. That is to say, the breaking power 
of a shaped charge increases in approximately direct pro- 
portion to the depth of penetration. Charges which are 
not correctly designed for achieving maximum penetration 
will not utilize the full possible energy of the explosive. 
Thus, for secondary breaking, as well as for penetration 
effect, Liners must be annealed, optimum stand-off used and 
high powered explosives employed, properly packed in the 
charge, as well as incorporating other features of 
desien. a” sal (25) 


The conclusions reached as a result of the above breakage tests 


(1) Linear charges exhibit a marked tendency to break rock of 
relatively small thickness along the line of the charge. 

(2) Hemispherical charges proved effective in breaking rock, 
their breaking power being a function of the two shortest 
dimensions of the rock at the point of application. For 
effective results, the charge should be placed perpen-~ 
dicular to the two longest of the rock's dimensions, Charges 
placed on ridges tend to spend their energy on the ridge and 
fail to penetrate or break the rock effectively. 

(3) Shaped charges have a definite and useful application in 
mining operations, both in secondary rock breakage, and 
drilling holes for blasting solid faces of rock. ‘hen 
fully developed and properly applied, the use of this type 
of charge will expedite blasting operations by saving time 
and labor with a vroportional reduction in cost. 


Additional experimentation was conducted by Clark, in cooperation 


with the Mining Department of the University of Utah, during the summer 


of 1946. Breakage tests were carried out on three sets of graded sizes 
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of concrete blocks employing 2" hemispherical shaped charges with 

aluminum alloy liners and eluminwum cases. Yifty-four charges were 

used, each third of them beim loaded with either 100% blasting 

gelatin, 60% N. G. dynamite, or 45% Gelamite. 

The results of these tests indicated that for a given shaped 
charge, higher strength explosives are more effective in secondary 
breakage, the breaking power of the jet being assisted considerably 
by the impact blow of the shock wave of the explosion. 

A few charges were also tried on boulders of iron ore and re- 
sults indicated that larger charges are necessary to breck boulder 
iron ore than non-ferrous rock or concrete. 

In England, during World War II, a shaped charge called the 
General Wade was developed for the demolition of reinforced concrete 
emplacements and walls. It contained some 25 lbs. of explosives ani 
was built around a semi-cylinder. Research work was subsequently car- 
ried out in England with small editions of the General Wade for breaking 
boulders, but results obtained were no better than those using a food 
plaster charge with some of the commercial explosives, In January 1947, 
R. Westwater of the Explosives Division of Imperial Chemical Industries 
Limited stated that "Present indications suggest that the breaking of 
boulders or secondary blasting in quarries would be performed more 
economically by the plaster shooting method, rather than by shaped charges." 
(55) 

Boulder blasting experiments conducted by R. F. Preckel are oute 
lined by R. W. Lawrence in The Fxplosives Engineer of Nov.-Dec. 1947. 
(24) Shaped charges of blasting gelatin (2" and 4° in diameter) were 


detonated against limestone boulders in comparison with similar charges 


UNCLASSIFIED 








LINCLASSIFicD - 103 - 


which were not shaped, 

The results are swmarized as follows: 

(1) Solid charges produced better breakage than shaped 
charges, 

(2) The penetrating ability of shaped charges is of 
little utility in breaking boulders. 

(3) The boulder breaking ability of shaped cmreges is 
greater with no standoff than with standoff. 

It is interesting to note the disparity of opinion of the above 
investigators. 

On August 26 and September 17, 1949, a new method of seconiary 
blasting for the reduction of boulders to crusher size was demonstrated 
by its inventor Laud S. Byers at Logan granite quarry in Watsonville, 
Californie. (46) 

This method consisted of placing a shaped charge of modified 
design upon boulders, without mud-capping or artificial covering of 
any kind, This new charge was called the “multiple-jet shaped blasting 
charge® and is covered by U. S. patent 2,513,235 of June 27, 1950. 

It should be mentioned that in determining a suitable design 
for his blasting charge, Byers used a trial and error method, testing 
literally hundreds of charges on steel plates, If the results looked 
encouraging, he next tried them out on actual boulders, Numerous trips 
had to be made to the yroving grounds before arriving at a satisfactory 
design which is shown in Fig. 50. This charge was composed of two con- 
centric cones of approximately 30 and 60°, 

The nature of the disruptive ripping effect obtained with this 


charge as contrasted with the relatively clean, penetrating effect of 
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conventional conical charge is show in Tig. 5le 

In the initial tests at Losin quarry, the ma jority of the granite 
boulders, entimated to weich from lel/® tons to arproximately / tons 
each, wore broken to 100% crucher sire at the first blow, with a notice- 
able absence of fines. Th cruster size tomnace protuced rance’) as high 
as 2,9 tons of rock per nouni of exrlosive useé, 11/2, 2, and Geld. 
charges were enployed, the former having a molded, paner-pulyp container 
which was completely disintegrated »y the explosion, and the latter tro 
hevinzg alwninun containers which are readily oxidized by the heat of 


explosion, thereby eliminating the danger of flying missiles. 





Raheny Rett BE Magn + amet al 


Fig, 50. The "multiple-jet shaped blasting charge." (5) 


The principle of this new charge, rhich is now komm as the 
"Tlurajet” is illustratejin Mg. 52 seni is deseribed by Pyers (6) 
as follows; 


"These actions take plree unon detunetion,. Tirst, the 
wave fron® shorm travels downward fron the concentrated end 
of the blusting cap and collapsea the top apex of the cavity 
thereby creating the primary jet (FP), which starts boring a 
hole into the boulder, 


“The secom «ction is collapsing of the side apexes, 
creating secomary jicta (S=S) which meet and interfere with 
the primary jet at the point of convorgence, as showmm. The 
action of these excited gases at this point of convergence 
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is that of on *implosion,’ the effeet of which serves to 
rip the boulder apart. 


"The third action, inmmedietely following, is thet of 
the shock weyers, shown in the illustration, which heve been 
deflectad towards the boulder and serve the purpose of con- 
ploting the shattering precees. The »low is of sch hich 
intensity and of such short duration 
that the shettered pieces cre Jdropned 
in toto before they have had e chance 
to pick un momentum an? fly through 
the air," 


This theory of Kyers is certainly a 
novel one and is not in accord with our pre- 
sent concepts of wave propagation. Byers 


depicts the propagation of the detonation 





wave much as the flux lines in a magnetic 
field of foree rather than in terms of a 
spherical wave front, 

The reason for the spreading of 
the jet at the "point of convergeme” is 
also not clear, It wuld appear that the 
effect of the dual cone should not be 


much different from thai of a single cones 





Figure 55 shows a newer type of 


"Splitejet” shaped bleating charge known Fige Sl. Tro views of a steel 
plate after attack by the 
as the "Plurajet." According to Lyera, "nultiple-jet shaped blaeting 


charge.” (5) 
this unit produces a blow fow to five 


times that of the swe explosive even when confined by mud-ceapping. The 
annular ring surrounding the central cavity is based on the ow aplite 
jet’ mineiple, and was found to hve grenter striking force then a eirele 


of individual cavities surrounding the central one, 
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PRINCIPLE OF TIMING EFFECT OF 
SHAPED BLASTING CHARGE 


Point of Initiation = —_ a Blasting Cap 


=O 
eae 


Explosive : Fitter 
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| :) — Point of ConvergenceVets) 


-Ensuing Shock — : \ eZ Spreading of Primar Jet ®) 
For Desmpin Shattered S : S and Secondary Jets (8-5') 
oulder in Place Serve to Rip Boulder Apart 
on - Scattering E§fect) (P) 


Fige 52. PDiagrem illustrating the Byers’ principle of 

the "multiple-jet shaped blastine charce.” (5) 

A graphic example of the effectiveness of this new Plurajet charge 
can be seen in Fig. 54. 

In this instance, a medium size charge was placed on the side of 
a dense granite boulder, weighing approximately 18 tons, The indente- 
tion where the charge was hung can be clearly seen in the photograph. 
Byers states this boulder wes lying within 40 feet of a new electric 
shovel worth $125,000, which was not moved prior to the hlest. The 
ferthest fragment thrown was not more than 15 feet from the explosion, 

The advantages claimed for the }lurajet blasting charge are 
legion. 

One of the distinet edvantaces claimed is the man hours saved over 


block~holing end mud-capping. In a recent demonstration in Strasburg, Va, 
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16 boulders weighing from 1/2 to 12 tons each (a total of 80 tons) 
were broken to crusher size oy the work of only one men in 5° minutes, 
It was estimated by the querry operator that it would avo taken at 
least 5 times the man hours using the block#holing method, Jhia meant 
a great gain for preduction. 

Alse, as there were no broken 


pieces of rock throm through the sir, 


the shovel was left only 60 fcot away 





on the quarry floor, thereby saving 
time of the shovel operator and wear 
am tear on equipment. 

As there was no scattering of 


sharp pleces of rock, it was unneces- 





sary for the bull-dozer to ciear tne 


Fige 53. The Plurajet 

sheved blasting charge quarry floor for the waiting rubber- 
shown with cover removed. 

(6) tired rock truckse 


The sefety factor to woth men and equipment, by reasm of at» 
sence of flying fragments, is also pointed out as an important advantage. 

Whereas in blocke-holing, the actual cost of explosive is mall; 
the cost of labor to drill anc load holes is considernble. Then there 
ja also the aceempenying dieadvantece of throwing fragvents in eli 
directions, 

Plastering, or mud-cepping, user wmeny times the srount of exploe 
sive as block-holing enc requires muc of the proper consistency. In 
meny cuarries and rines, rw or even wt serd is not elways reatily 
available, and its preperation constitutes a considerable item of bother 


and expenee, 
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he multiple or split-jet blasting charge has the 28 of 
botn the dlock+holing and mud-eapping techniques, It elimi: c the 
need of driliing holes in boulders, and accomplishes the results of 


mud~capping without mud ov any other covering, It eliminate: 


somowhet intangible expenses which are properly chargeeble against 


fe RP, Wy Wy 2 3+ a 
SI BRI irs RT Te 
Fig. 54. 18=-ton granite boulder after attack 
by 2 "Pluvajet” charge. (6) 





such costs as, for example, cost of jack-harmers, drill-bits ami steel, 
wages of jack=-hamer men, amortization of cost of jack-hanmers, hose, 
etc., cost of moving power shovels, compressors, and other equipment 
to be safe from fiying fragnents, costs of buli-dezers to gather to- 
gether scattered pieces, end to clear quarry rlewrs for ruvber-tired 
dump trucks, the tim and wear and tear on costly shovels having to 
fight voulders end keep moving them out of the way until drilling and 
blasting crews can cane in and shoot them, while the idle trucks stand 


by waiting for their loads. 


UNCLASSIFIED 








UNCLASSIFIED ~ 169 - 


The noise of the Plurajet is somewhat greater than tmt of block- 
holing, but is less than that of mud-capping. 

In a concussion test recently made, where 32 Plurajet charges 
were fired simultaneously, none of the glass window panes which were 
set up at 100, 150, and 200 feet surrounding the group of boulders 
being blasted, were broken or cracked. The explosive filler is also in 
a high classification as to absence of toxic fumes. 

Plant facilities (5) are being campleted near Martinsburg, W. Va. 
to produce the Byers’ shaved charges in commercial quantities. loading 
and sealing of the blasting units will be done by a specially-designed 
machine with a capacity of from 250 to 400 completed units per hour. 

The magazine storage capacity is from 50,000 to 100,000 completed units. 

As seen from the above, while some shout the praises of ths 
shaped charge for breaking boulders, others deem it no better than simi- 
lar solid charges. While some fee] that maximum breakage is obtained 
when the maximun penetrating properties of the shaped charges are 
utilized, such as optimum standoff, etc., others maintain that the pene- 
trating ability of shaped charges is of little utility in breaking 
boulders, and that breakage is greater with no standoff than with standoff. 

No doubt the Byers’ charge is an effective rock breaker. However, 
comparative figures have not been given showing the breakage attainable 
with a charge of similar external dimensions and utilizing the same explo- 
sive, following the lines of the tests conducted by Preckel. It is the 
opinion of some experts that an unshaped charge of the same detonation 
rate explosive and similar external dimensions would be just as effective, 
if not more so, than a shaped charge, and considerably cheaper. What is 


desired is a relatively flat, single-package charge. It is believed that 
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such a charge is more effective than an equivalent amount of dynamite 
sticks due to the higher charge density and the better contact with 
the boulder under attack. These are both due of course to geometrical 


considerations alone. 
OIL WELL CASING PERFORATING 


When a well is drilled, it is lined with a casing to prevent 
ecave-ins or influx of water from adjacent formations, This casing con- 
sists of at least one steel tube, and sometimes two or three concen~ 
trically arranged and jacketed with cement. 

After a well has been producing for some time, it is not uncom- 
mon for it to "run dry” or for its production to fall off due to any of 
Several causes which will not be discussed here, 

The idea of opening producing formations by firing steel bullets 
through casing and cement was conceived, and on December 12, 1932 the 
first gun perforating job was accomplished on an of] well which had been 
off production for three years and was ready for abandonment. This work 
was done by the Lane-Wells Co., and 15-1/2 years later in June 1948, 
this compeny celebrated its 100,000th gun perforating job by reperfor- 
ating this same well whiéh was still producing. 

Until 1947, easing perforating was done exclusively by the gun 
perforator method, which consists of lowering into the well to the de- 
sired level a steel cylinder housing an ingeniously arranged battery 
of short-barreled pistols. Fach weapon is loaded to shoot a bullet 
through the casing, thus opening channels in the sand through which the 
01] and gas can flow. The propellant used in the guns has a cellulose 


nitrate base and is ignited electrically. 
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CROSS SECTION OF 


GUN A JET CHARGE 2 cgi ; of the well casines, however, it was 
freaunently cuestionable as to whether 
or not all the bullets passed through 
the walls into the 01). atrnta, 

In 1946 casing verforetine teats 
employing emall shaned chirres in vlestic 
containers were conducted on ti: surface 
under simulated conditions with extremely 
promising results, (31) The development 
of tho "Jet Porforator," as the shaped 


charge is generally referred to in the 
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ae 
580 


ty 


< plastic ease into which the explosive is 


wet ne ¥ ¢ pressed, <A conical liner of conner is 
JET PERFORATES THE 


10th MICRO-SECOND VASING AND PENETRATES 
eo used as it disintegrates almost completely 


with vory little slug metal, leeving the 
2 perforations clean and opene 
Several sizes of charres are cur~ 


rently in production, two typical sizes 


Utter. oe 


{JET PENETRATES 


DETONATION !S COMPLETE | Fae aack into 


ItHE FORMATION 


being a 28em charge which makes a hole 


aoproximately 1/2" in diameter in the cas~ 
Fig, 55, Tine sequénce in 
the perforation of an oil ing, and a 2lemn. charge which makes a 
well cesing by a jet per- 
forator o (3) 
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3/8" diameter hole, 

AS of July 1950, the jet perforator method had gained such popu- 
larity and fame that it had absorbed about one-third of the perforating 
business in the oil fields. The Dupont jet perforator is claimed to 
have up to 300% more penetration power than gun perforators. 

The time sequence in the perforation of an oil well casing by a 
jet perforator is shown in Fig. 55. In practice, the jet per forators 
are fitted into a carrier, which consists essentially of an alloy steel 
tube with ports drilled through the wall ina spiral formation (gener- 
ally 120° phasing on 3" centers). See Tig. 56. 

Carriers for jet perforators have been made to hold approximately 
12, 24, or 40 charges which in general have S-in. or 6-in. spacing. In 
a number of cases, requests are made for densities of 6, 8 or 12 shots 
per foot. 

The perforators, after having a primacord detom ting fuse threaded 
through a ferrule on the initiating ends of each cmrge, are inserted in 
the carrier, as shorn in Fig. 57, and securely fixed in position in 
alignment with their respective ports. The ports are externally sealed 
with pressure-tight closures to exclude the well fluids (oil, mud or 
water) which if allowed to enter the cones of the smped charge, would 
nullify the Punroe effect. The lower end of the carrier is sealed off 
or another gun is connected, if more than one is needed, The free end 
of the primacord is brought up through the top of the carrier to the 
detonating sub, where it is connected to an electric blasting eap which 
in turn is connected by means of conductor cable to the surfaco operating 
truck. Enough air space is left inside each carrier to cushion the blast 


and allow the explosion gases to bleed out over a relatively lonz period 
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of time. Otherwise, the resultant blast would probably crec © wall 
ecagins, 
Torering is done by remote control from th verforatine truck. 


n electric eable is run from the truck to a pulley positioned over the 


3 


- ee ne - 





Fig. 56. Lowering a ceasing perforating 
charge cerrier, (18) 


well, and the carrier is attached. Built into tm pulley ere mechanisms 
for measuring accurately the weight load on the cable and the exact 
length wunreeled, “hone measurements are trenemitted olectrically to a 
penel board in the truck, Swe Fig. 57, As the cherge is lowered, the 
operater watchee the weicht indicator to make sure that the cerrier has 
not been stopped by an obstruction in the well, hen the carrier is 


"on zone” et the cesired depth, the overator initiates the detonations 


UNCLASSIFiED 











3 x i \ 
MG LA 
4 é dF. SAB 


The dtal indteator shaws the earrier ts uow “on 
zone” al 7.899 feet—and the aperator fires the shat. 


Close ap of the gua-loading aperation. The shaped 
charges must be carefally aligned with gan ports. 





Fig. 57. Jet perforating operations. (3) 
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Since all perforators are linked by a single piece of primacord whose 
velocity of detonation is approximately 22,000 feet per second, the 
detonation of all charges is practically simultaneous, after which the 
empty carrier is pulled out of the well. 

The number of holes made may vary from about a dozen to several 
thousand, depending upon the depth of the producing zone and how many 
perforations are required per foot. In any case, the job is done 
quickly and effectively. 

Jet perforating can be done at higher temperatures than bullet 
perforating, an important factor when one considers that some deep 
wells are 350°F. or hotter. Rk. Harcus has presented a summary of 
casing perforating operations on a commercial basis over a period of 
approximately six months. (18) ‘The temperatures recorded at the shooting 
depths were elmost consistently over 100°F. with many in the vicinity of 
150° and one of 245° in an 11,000 foot well. Since the operation of 
lowering and firing a carrier ordinarily takes a relatively short period 
of time, it might be assumed that the jet perforator explosive charge 
would not have sufficient time to be affected to any great extent by 
the well temperatures. However, all eventualities must be taken into 
consideration in this respect. For example, should it be necessary to 
perforate a very Geep well where temperatures range in the 3500's, and 
should it be discovered after a long journey down that the carrier has 
encountered an obstruction some thousand feet short of its mark, to with- 
draw the carrier would present a grave danger to operating personnel from 
the possibility of what is knovm as a “cook off." To haul the carrier up 
to a cooler level and allow it to sit for a reasonably safe period of time 


before withdrawal micht result in a "cook off” in an undesired region of 


UNCLASSIFIED 





i © 





UNCLASSIFIED 


~ 116 + 


the well, with possible penetration of the casing, although the jet 
effect and resultant nenetration would undouttedly be greatly reduced 
since the charges would not be initiated at the proper position. 

Hence a considerable burden is placed on explosives to be used 
for o11 well work. Pentolite, for example, which otherwise has all the 
qualities necessary for efficient shared charge operation, is unsatis- 
factory as it has the low melting point of about 180°F, 

An excellent explosive has been developed for jet perforator 
work. ‘When loaded at high density, it is relatively insensitive to 
shock; has a high rate of detonation and a high energy content; will 
burn without detonating, and is sensitive to primacord only when the 
primacord is threaded through the end of the charge designed for its 
entry. In addition to these features, it is designed to withstand a 
temperature of 325°F. for 24 hours and a temperature of 550°F. for 1 
hour. If excessive tenperatures are encountered, it will fume off into 
Aa gas -=- excluiing all possibility of premature or unwanted detomtion 
due to hich temperature. These qualities, together with the insulating 
property of the hollow tubular carrier, make the explosive entirely 
feasible for use at any well temperature encountered to date. This ex- 
plosive is a waxed RDX composition. <A small portion of unwaxed RDX, 
adjacent to the ferrule, acts as a booster charge for the main charge. 

A double-ended charge has been designed and proven successful. 
It is detonated at its midpoint and emits a jet from both ends. In 
addition to doubling the number of holes in the casing with any civen 
number of charges, this design enables a greater percentage of the energy 


to be utilized in penetrating the casing, with correspondingly less ex- 
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traneous energy available for further detrimental effect on the pipe. 

While the adaptation of the lined shaped charge principle to 
petroleum production is by no means complete, it has advanced to the 
stage where its use is an established fact and it appears to be with- 
out a doubt the most effective known means of perforating well casings. 

In spite of the greater effectiveness of sab geotenntens, gun 
perforator methods continue to be used in the majority of cases due to 
their cheaper cost. Jet perforators are used principally for the more 
difficult shots. 

The oilman today is frequently faced with the need for making the 
decision as to whether he should employ the cheaper gun perforator method 
with the possibility of failure of penetration and subsequent recourse 
to the jet method anyhow, or whether he should use the more expensive jet 
perforators in the first place. Needless to say, jet perforators are 
steadily gaining in popularity. 

A new technique of o11 well shooting has been developed by James 
Murphy (41) which also utilizes the shaped charge principle. ‘This 
method involves the use of specislly~designed star, wedge, and conically 
shaped charges for the selective shooting of certain strata. Experi- 
mental work was being conducted in 1947 under "Patent Applied For" pro= 


visions; however, nothing is known of the present status of this work. 
TAPPING OPEN HEARTH FURNACES 


One of the latest industrial developments of the shaped charge is 
its use in tapping open hearth furnaces. Although not as yet in full- 
scale production, "jet tappers” as they are called, aro currently being 


used as a routine procedure in three shops of one of our major steel 
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companies, with e monthly concunption of aporceximately 500 chareres, 
One of these shore hes beer uring ther sinea ‘arust 1950, hence it is 
ohvions that they are out of the exrertrentsal] stare, 

The corventional method of tenpine open hearth furneces is by 
maans of the oxyren lence, This method involves the lenee omerator’s 


atancinge by the runner end ineerting his lance into the furnace tan 
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hole, As the lanee burns throurh the tep hole facing and the molten 
steel aterts to flow down the runner, he must cuickly withdrew his 
Lanee and move clear of the runner to keep from beinr burned, 

In the jet tapping method as developed by the DuPont Company of 
Wilmington, Delaware, the charge is shoved into the furnace tap hole 
on the end of an &-foot spiral-wound parer tube after which the operator 
retiren to a remote station and fires the charge electrically. A11 units 
of the assembly are expendable. 

Tig. 58 shows a cross-section of an open hearth tap hole with jet 


tavver in firing »vosition, The tapper consists of a 2=ounce explosive 
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charge of RDX enclosed in a plastic case which is surrounded by a hollow 
bullet-shaped insulating body with walls 1/2-inch thick. The RDX is 
relatively insensitive to impact and friction, and if heated to a suf- 
ficiently high temperature, will burn without detonation. In one test, 
a case of 24 Jet Tappers was completely soaked in a bonfire of kerosene- 
soaked wood without any sign of a violent reaction. In another test, 
six tappers were laid side by side between steel plates and a 150-pound 
weight was dropped 9 feet onto the upper plate. Although the charges 
were completely crushed, no detonation resulted. The tappers are deton- 
ated by a special high temperature electric blasting cap situated in a 
well in the back of the plastic case. 

Although the caps will eventually detonate spontaneously after 
prolonged exposure to temperatures above 500°F., experience has shown 
that they will stay in a hot tap hole for 3-8 minutes without detonating 
when used in the jet tapper assembly. This allows more than enough time 
for normal firing methods to be carried out. 

Dupont jet tappers will penetrate more than 6 inches of cold 
steel. They will penetrate somewhat deeper into hot steel, although 
target temperature has less effect on the depth of penetration than on 
the diameter of the hole produced. A jet which punches a hole about 
3/8 inches in diameter at atmospheric temperature will make about ea 
leinch hole at 1500°F. 

Jet tappers are not recommended for use whenever there is any in- 
dication that a heat is likely to break out of its own accord, even 
though tests have indicated that the cap will not detonate for at least 


a minute even if the assembly is floating in molten steel. 
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The advantages claimed for the jet tapper over oxygen lancing 


from both operational and safety standpoints are as follows; 


1. 


Be 


Se 


4. 


Se 


6. 


It is unnecessary for anyone to stand by the runner when 
metal starts to flow, 

The danger — from faulty connections in oxygen 
lances is eliminated. 

Heats can be tapped at exactly the desired time, avoiding 
off-specification heats resulting from delayed taps. This 
is especially important in the case of manganese steels. 
Taps start out at full flow rate, thus reducing over-all 
tapping time and ladle skull. 

The uni-directional action of Jet Tappers reduces tap 
hole maintenance and assures perfect alignment of the 

tap hole. 

The need for bars to knock down ridges in front of the 


hole is practically eliminated. 


The shaped charge method of tapping is now available for general 


use and it is believed that it will soon win over many followers. 


DRILLING HOIES FOR BLASTING 


The outstanding characteristic of the shaped charge is its large 


penetration ability; hence a considerable amount of investigation has 


gone into the evaluation of the shaped charge as a means for drilling 


holes for blasting in lieu of using drilling machinery. 


In 1948 the U. S. Bureau of Mines completed extensive tests to 


determine the effectiveness and limitations involved in the use of 


shaped charges for drilling blast holes in underground minine. (12) 
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All of the shaped charges used were U. S. Corps of Engineers military 
demolition-type in two sizes, the 15-pound M2A5 and the 40-pound M5 
charge. Nearly 140 charges were fired in various types of tests. 

These involved testing the effects of using various standoffs ranging 
from 0 to 360 inches and also superimposing the firing of as many as 

17 charges on a single borehole. Boreholes produced in greenstone and 
epidosite ranged as high es 111 inches in depth and 12 inches in diameter. 
Peak-pressure diaphragm meters were placed at various stations along the 
passareways. 

The results of these tests showed thet the shaped charge has no 
practical application in drilling blest holes in underground mines. 

At an estimated cost of $8 per foot of hole, plus considerable spall 
produced by the most efficient single shots with the MS charge, the cost 
was over 20 times that of producing a better hole with a rock drill. 

The concussion effects would prohibit its use in many mines, and 
the excess carbon monoxide gas liberated by the 50/50 Pentolite explo- 
sive would be en additional hazard when used underground. 

Peak=pressure meter readings indicated thet in a straight mine 
passageway, the blast effect of the MS charge would be harmful to per- 
sonnel at distances up to approximately 1,200 feet. 

The practicability of blasting drill holes in the ground for 
seismic prospecting has also been investigated. (24) For this purpose, 
3-1/2-inch diameter charges of blesting gelatin weighing about 2-1/2 
pounds, and 8-in. diameter charges, weighing about 10 pounds were used. 
Conical copper liners of 53, 70, and 90° were employed. The 2-1/2- 
pound charges produced holes up to 3-1/2 feet deep and 3 to 6 inches 


in diameter, while the 10-pound charges produced holes up to 7 feet deep 
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and 8 to 15 inches in diameter. In all cases, the bottom half of the 
hole was filled with loose dirt which could be cleaned out easily. 

With three successive 2-1/2-pound charges, depths up to 6 feet were 
produced, and with three successive 10-pound charges, 8-9 ft. depths 
were obtained. From the above, it appears that the shaped charge would 
be useful in seismic prospecting in remote places which are ordinarily 
inaccessible to standard drilling equipment. 

The use of the shaped charge as a quick means of crilling shot- 
holes for blasting has been investigated in Fngland. 8. Westwater of 
the Explosives Division of Imperial Chemical Industries, Limited, found 
that it was possible to produce a good shot~hole in sandstone approxi- 
mately 4 feet deep using a 3-3/4-pound conical charge. (55) He cone 
cluded that while quite satisfactory, the use of shaped charges for this 
work is still fairly expensive and can only be considered as a means of 
obtaining a shot-hole in very special circumstances. Such cirewmstances 
do occasionally arise, however; e.g., in a case where the time of drilling 
is limited, or where only a few shot-holes are required in an inaccessible 
position, or where power drilling is not available. 

As pointed out in Chapter V in the section on demolition charges, 
if blast holes are to be loaded inmediately with a secondary explosive, 
a non-metallic liner should be used in order to eliminate the presence 


of a hot slug. Class liners are satisfactory for this purpose. 
BLASTING IN UNDERGROUND MINES 


As stated in the previous section, investigations by the U. Se 
Bureau of Mines have indicated tmt the use of military=type demolition 


charges for drilling blast holes in underground mines is impractical. 
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However, work conducted by J. T. Warren at the National Tunnel & Mines 
Company property near Tooele, Utah (53) indicates that the shaped charge 
does have some vractical applications in underground mining. 

Warren experimented with two sizes of shaped charges of rather 
erude construction. The smaller charge, holding le1/4 sticks of powder, 
was used for the reduction of boulders on grizzlies and in scrams, while 
the lerger charge of nine sticks was used mainly for breaking up finger 
hang-ups. With the small size, it was possible to place at least 10 
charges in the time that it takes to drill, load and shoot one charge 
by the conventional block-hole method. With th: larger size, Yarren 
states that: 

"One charge has many times done the work of three 
boxes of powder and in a few moments as against several 
daySe « « « Experiments were so successful that the cmrges 
were immediately put into practical use and as far as we 
were able to put the "bomb" into use (production of the 
cans was slow) we increased our tons per man shift over 
30 per cent and consequently effected a material cost sav- 
ing. We figure that with these bombs we break four tons 
per pound of powder, or that the powder cost per ton 
broken is less than 4 cents." 

In contrast, powder consumption for maximum-size boulders broken 
by the ordinary blasting methods employed at the National Tunnel & Mines 
property has been estimated to average about 1 1b. of explosive per 1 
to 1-1/2 tons of rock broken. Warren claims that use of the smped 
charge has resulted in lower powder consumption, shorter smoke delays, 

a lighter burden on the ventilation system, and increased production. 

According to Huttl (20), the shaped charges used at the National 
Tunnel & Mines property had a hemispherical steel liner made slightly 
less than a full hemisphere, and an outer cylindro-conical sheet-iron 


case. Wire eyelets were soldered to the outer shell to permit tying it 
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to a blasting stick which was then used to hold the shaped charges 
against large overhead boulders trapped in finger raises. Since high- 
speed, military-type explosives produce toxic explosion products, a 
45% strength dynamite was used. Best results were obtained with zero 
standoff. 

The above writers may be overly optimistic about the resuits 
obtained in breaking rock in mines with shaped charges. No mention is 
made as to whether any tests were conducted with charges of approxi- 
mately the same outside dimensions as the shaped charges used, but with 
the cavities filled with explosive. Several authorities have indicated 
that just as good, if not better, results would probably be obtained 


with the latter charges, and at a considerable reduction in cost. 
OPEN HOLF BIASTING 


gohn A. Roos (44) has reported the use of homeemade shaped 
charges as drilling aids in churn-drill holes. 

Slow progress and frequent necessity of changing and sharpening 
bits when drilling ground containing a large number of boulders are 
well known to mining engineers. There are days when only a few feet 
of headway are made; more time and effort being: devoted to changing 
and sharpening bits than in drilling holes. 

Roos found that boulders too large to be driven aside can usu- 
ally be shattered or breken by use of shapeé charges without lifting 
tke drive pipe. He formed his charges in small-diameter stovepipe or 
tall tin cans, using a section cf another mall tin can to give the 
charge a hemi-cylindrical cavity. <A dsmp sand filler wes added to the 


container above the charge of 60% gelatin to help sink the charge 
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through the muddy water in the hole, 
In the opinion of Roos, the cost of drilling in hard, boulder- 
strewn ground can be reduced materially by the use of shaped charges. 
Open hole and down hole charges are now being produced by at 


least one major explosives company. 
BORING HOLES FOR POLES OR PYLONS 


The possibility of using ehaved charges to drive holes in soft 
and hard ground and in rock for the erection of poles or pylons has 
been investigated in England by Imperial Chemical Industries, Limited. 
(S55) By using a 5-1/2-pound Pentolite, 80°, conical charge, it was 
found possible to produce holes in soil varying from 2-4 feet in 
diameter and 4-5 feet in depth. It appears that by selection of a 
suitable shaped charge, it is possible to drive, even in hard ground, 
holes of suitable size for the sinking of telephone poles or pylons. 
Tests were also conducted on rock using somewhat heavier charges. 
Tabulated results indicate that the holes produced in rock were gener- 
ally cone~shaped craters of greater diameter than depth, the depths 
ranging as high as 3 feet. In some cases it was necessary to fire two 
successive charges in the same position to attain reasonable crater depths. 
Sinee pylon foundations are usually sunk in craters and then 
filled in with concrete, it was concluded that the craters produced in 
rock by shaved charges were satisfactory for this purpose. However, 
from the economic standpoint, shaped charges for the above types of work 
would only be acceptable for use in sites inaccessible to ordinary drill- 
ing machinery or where only a few holes might be required in remote 


areas. It is conceivable that charges for this type of work might be 
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justified in such applications as driving holes for pylons of power 
transmission tovers which frequently traverse rough and remote areas, 
hole driving in mountainous and arctic areas, and possibly for use by 


coast and geodetic survey parties, 
UNDERWATER CULTING 


The use of shaped charges for underwater cutting is feasible, 
provided the water is prevented from entering the cavity area, where 
its presence would practically nullify the jet effect. This is ac- 
complished by the use of a wateretight standoff sleeve. Underwater 
charges are generally of the v-shaped linear type. Up to the present 
tims, apparently little use has been meade of shaped charges for under- 
water work, however, it would eppear that they would be valuable in 
such applications as metal cutting in wreck dieposel, gaining access 
to sunken ships through the hull, salvage work, clearing underwater 
obatacles, cable and chain cutting, severing bridge and pier supports, 
and the like, where underwater fleme cutters would otherwise ordinarily 
be used. 

In England, the Hayrick or “stook” charge was developed for such 
purposes during Yorld War II. It consists of a linear V-shaped charge 
having an inflexible metal case, Imperial Chemical Industries, Limited 
has experimented with euch charges made up in 1, 2, and 3 ft. lengths. 
When loaded with 1 pound of explosive per foot they can cut through 1 
inch plate under water. Like all shaped charges, however, the cost of 
"stooks” is high. 

It would be piveavety en if underwater charges were equipped with 


a atrong adhesive so that they could be easily attached to th object to 
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be attacked, The use of magnets may prove effective for this purpose 
in the case of metal targets. The DuPont Company has developed a 
Simple and relatively inexpensive linear underwater charge which con- 
sists of two strips of metal soldered parallel to and tangent to the 
outside surface of a sealed length of pipe forming a trough. A water- 
proof explosive is then pressed into this trough. This provides a 
linear shaped charge having eae hemispherical liner, the pipe acting as 
the liner and also providing a watertight standoff sleeve. 

Le F. Porter (43) has patented an elongated, flexible, tubular 
shaped charge which may be useful in some types of underwater wrk. 
It employs a V-shaped metal liner housed in a rubber carrier. The 
liner is sectioned from the apex nearly to the base, at short intervals, 
thereby permitting the charge to be bent to follow the contour of the 


object being attacked. 
SEISMIC PROSPECTING 


Comparative tests of the use of shaped and unshaped charges for 
seismic prospecting have been reported by R. W. Lawrence of the Hercules 
Powder Company. (24) Charges of blasting gelatin and 60% seismograph 
gelatin, with lined and unlined conical cavities were fired with cased 
and uncased charges. The shaped charges were fired with am without 
standoff. Some 77 charges in all were fired, and a careful comparison 
of the seismographic records showed no difference in th results obtained 
from shaped charges and from normal charges. 

Another series of trials was made during seismic prospecting 
operations in the ocean. Yorty pounds of 77-inch diameter charges with 


60 and 90° conical cavities were compared with similar unshared charges. 
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Here again, no difference could be observed in the results. 
DEMOLITION Of SCRAP METAL 


In comercial metal salvage operations, the use of cutting 
torches is normally accompanied by a great consumption of time and 
materiala. The possibility of using shaped charges to assist in the 
demolition of scrap metal to suitable sizes for re-smelting in fur- 
naces has consequently been investigated. Tests were carried out in 
England (55) on portions of a furnace bottom using 3-3/4-1b. conical 
charges with a gelatin filler. Penetration was obtained, but the 
furnace bottom was not broken up by the charges nor was the depth of 
the resultant bore holes sufficient to permit their being loaded an? shot. 

It was therefore concluded that the shaped charge could not be 
profitably used for the demolition of scrap metal. 

This writer feels, however, that the conclusion reached on the 
basis of the above tests is hardly justifiable. Penetration, rather 
than shattering of the heavy metal bottom should have been expected. 
It is still conceivable that shaped charges, probably of the linear 
type, may find specialized uses in reducing metal structures which 


are difficult of access to cutting torches, 
RECOVERY OF WELL PIPE 


The peodvery of casings from wells scheduled for abandonment, 
as well as the recovery of upper portions of multiple strings in active 
wells, may became a major project in the event of a serious shortage 
of new casings. 


The use of wedge-shaped charges for this purpose offers an un- 
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usually rapid and effective means of severing casing at any desired 
level. A comparable use is the cutting of drill pipe that has be- 
come stuck during drilling operations. The conventional method often 
requires several days to complete a single cutting overation, whereas 


with a shaped charge, this work can be done in minutes. 
MISCELLANEOUS 


METEOR STUDY 

Meteor study has been enhanced by the use of shaped charges to 
ereate artificial meteors in the laboratory. (1) The metal jets formed 
have velocities comparable to real meteors which come to earth at speeds 
of about 11 miles per second. As the slugs rip through the air, the 
front end becomes incandescent from friction, and the metal vapor trails 


coming from the tip are clearly visible in super-high-speed photographs. 


BLASTING CAPS 

The shaped charge principle was for many years unwittingly incor- 
porated into many commercial blasting ceps by the indenting of a nipple 
into the bottom of the cap during its manufacture. Flash radiograph 
stuiies made of blasting caps in the process of detonation show the forma~ 


tion of the jet that contributes to their over-all effectiveness. 


PUNCHING HOLS IN SHEET MATERIAL 

A shaped charge capable of cutting a circular opening through 
sheet material has been patented by Mohaupt. (34) He suggests the pos- 
sibility of its use in fighting fires. <Assuming that firemen desire to 
get a stream of water into a burning building at a point where there are 


no doors or windows, a circular V-shaped charge could be used to punch a 
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hole, say 3 to 4 inches in diameter, through a wall or floor, after 

which a hose could be inserted through the opening. No mention is made, 
however, of the blast effect on personnel and buildings in the vicinity, 
nor of the attendant dangers of flame and heat on the explosive charge. 


The use of shaped charges in this case does not appear to be very practicable. 


CABLE. CUTTING 

An apparatus for severing elongated articles such as cables, rods, 
chains, tubes, bars, ropes, pipes and the like has been patented by 
Davis. (11) One application where rapid cutting is highly desirable is 
in the case of gliders towed by airplanes, where immediate release of 


the glider may be essential. 


ENGRAVING 
An interesting anplication of the Munroe effect is made by the 
Trojan Powder Company of Allentown, Pa., in engraving steel paper weights. 


This is done largely from a novelty and advertising standpoint. 


CUTTING TREES, PIPE, ETC. 
Annular V-shaped charges have been designed, constructed and 


tested for cutting such items as trees, pipe, cylindrical tanks, etc. 
Although effective, it is doubtful that their use for such purposes 
will ever become widespread because of their relatively high cost am 


because of the accompanying blast problem. 


INVESTIGATING STRENGTH PROPERTIES OF MATERIALS 
tyre 
The use of hollow-charge principle for investigating strength 
properties of various materials when subjected to exceedingly high 


pressures has also been proposed. (2) 
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SUMMARY 





1. The relative superiority of shaped charges and unshaped 
charges for secondary breakage of bouldera is still somewhat of a 
matter of controversy. Shaped charges for this purpose have been 
recently put into production. However, it is the opinion of several 
experts based on various past investigations that an unshaped charge 
is just as effective and considerably cheaper than a shaped charge of 
the same external dimensions. 

2. Jet perforators are excellent for perforating oil well 
casings. Gun perforators, although possessing inferior penetrating 
power than jet perforators, are still widely used primarily because 
of their cheaper cost. Jet perforators are used principally for the 
more difficult shots. 

Se The tapping of oven hearth furnaces with jet tappers is 
satisfactory and has several advantages over oxygen lancing. This is 
a new field for the shaped charge, and jet tappers are as yet only 
in limited production. 

4. Shaped charges ean be used to produce satisfactory drill 
holes for blasting. However, their high cost practically limits their 
use te cases in which the time of drilling is limited, or where only 
a few shot-holes are required in inaccessible positions or where power 
drilling equipment is not available. The use of glass liners permits 
the almost immediate loading of shot-holes with a secondary explosive. 

5. The use of military-type demolition ecmrges for drilling 
blast holes in underground mines is impractical. 


6. The use of shaped charges in underground mines for reduction 
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of boulders in grizzlies and in screms, as well as for breaking up 
finger hang-ups looks promising, though as yet has not been fully 
evaluated. 

7. Large boulders encountered in open hole drilling can be 
economically shattered by the use of shaped charges. 

8. It is possible to use shaped charges for driving holes of 
sultable size in the ground for the sinking of pylons or telephone 
poles. Satisfactory craters con also be produced in rock for the 
erection of pylons. However, economy, as well as blast effect, pro- 
hibit their general use for such purposes. 

9. Linear shaped charges appear to have practical application 
in underwater cutting of metal plate such as in salvage work, wreck 
disposal, clearing underwater obstacles, etc. 

10. Comparison of seismographic records show no difference in 
the results obtained from shaped charges and from normal charges. 

11. The use of shaped charges for demolition of scrap metal 
does not at present appear to be profitable. 

12. The shaped charge offers a rapid and effective means of 
severing well pipe and casings in recovery operations. 

13, The shaped charge finds useful epplication in meteor study 
and in the rapid severing of glider tow lines, It may also prove use- 


ful in investigating high strength properties of materials. 


UNCLASSIFIED 








UINULAG OP ie 
“a 133 - 


RESTRICTED 


CONC IUSION 


In view of the fact that summaries lmve been included at the 
ends of the chapters dealing with the theories of jet formation and 
penetration, and with the military and industrial applications, no 
attempt will be made here to resummarize this work. 

As yet, the only mathematical theories dealing with the shaped 
charge phenomenon which have appeared in the open literature or in 
eategories less than confidential are those developed in the latter 
part of 1943 and the early part of 1944 by Birkhoff, MacDougal, Pugh 
and Taylor which were published in June 1948, These theories deal 
with the mechanisms of jet formation and penetration for wedge-shaped 
and conical liners, and are based upon the classical hydrodynamics of 
perfect fluids, which are applicable because the strength of the metals 
involved can be neglected at the high pressures encountered. 

No mathematical theories have as yet been published for hemi- 
spherical liners. However, experimental techniques show that a dif- 
ferent mechaniam is operative here. 

Although present mathematical theories have mntributed much to 
our understanding of the phenomena involved, the theory has not as yet 
advanced to the stage where it can be directly and precisely applied in 
design calculations. The numerous variables involved in shaped charges 
are complexly interrelated, and as yet one cannot, by means of slide 
rule and formulae alone, set down the exact specifications for a so- 
called “ideal shaped charge” for a specific purpose, The designer 
can, however, armed with certain scaling laws and a mass of empirical 


data, set down ae design which he mows will attain the performance 


desired. Ney LS" | ay RESTRICTED 
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In the case of military weapons, maximum penstratine efficiency 
must frequently be compramised in favor of other considerations, Never~ 
theless, the shaped charge principle has been incorporated into almost 
all types of weapons by all the major powers, ami shaped ecmrges mve 
assumed an important role in the defeat of armor plate and reinfarced 
conerete fortifications. 

In the industrial field, shaped charges heve not received such 
widespread application due primarily to the following reasons; 

(a) The noise would be undesirable in many localities, 

(b) Protection of personnel from blast and missile hazards 
woulc be required, 

(ec) The high cost of liners and cases makes shaped charges ex- 
pensive as compared to current commercial explosives. 

(d} Manufacturing and — costs are relatively high. 

For the perforation of o11 well casings, the shaped charge has 
proven itself superior to any other known means, Here, as in all of 
its other applications, its relatively high cost has generally caused 
4{t to be used only for the more difficult shots. 

In secomary boulder blasting, where opportunity exiats for 
large-scale use of a superior rock-bresking charge, it appears that 
the shaped charge is no better than a plain solid charge of the same 
exvlosive and similar external dimensions, 

While a number of other practical applications have been developed, 
in many of these, use of shaped charges appears justifiable only in cases 
where conventional cutting or drilling equipment is not available, or 


where time for accomplishing the work is limited. 
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